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ABSTRACT
MORPHOLOGIES AND MORPHOLOGICAL TRANSITIONS OF
BINARY BLENDS OF DIBLOCK COPOLYMER AND HOMOPOLYMER
H MAY 1991
KAREN IRENE WINEY, B.S., CORNELL UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor Edwin L. Thomas
Morphology of binary blends containing diblock copolymer (AB) and
homopolymer (hA) was studied as a function of homopolymer molecular
weight, homopolymer concentration, and copolymer composition and
molecular weight. Poly(styrene-b-isoprene) (SI) or poly(styrene-b-
butadiene) diblock copolymers were blended with homopolystyrene (hPS),
homopolyisoprene or homopolybutadiene. The equilibrium morphologies
were studied primarily by transmission electron microscopy and small
angle x-ray scattering.
The lamellar morphology was studied in blends with a lamellar SI
diblock copolymer and low hPS concentrations. The area per junction
measures the lateral separation between the copolymers, while the layer
thicknesses measure the axial expansion. As hPS concentration increased
the thickness of the PI layer decreased indicating polyisoprene chain
relaxation. The area per junction increased as the homopolymer
vi
concentration increased and as the homopolymer molecular weight
decreased indicating a greater extent of hPS penetration and lateral
swelling of the PS blocks. The swelling of the PS layers becomes
asymmetric as the homopolymer concentration or molecular weight
increases.
The ordered bicontinuous double diamond (OBDD) morphology was
observed in AB/hA blends using a lamellar or cylindrical AB. An overall
polystyrene volume percent of -64 - 67 PSvol% and a relative homopolymer
molecular weight of -0.15 - 1.00 were required to produce the OBDD
morphology; the relative molecular weight is the molecular weight ratio of
hA and the A block.
The overall blend composition generally dictated the type of ordered
blend morphology. Increasing the homopolymer molecular weight at an
overall composition of 65 PSvol% produced unique order-order transitions
between cylinders, OBDD and lamellae. The intermaterial dividing surface
was characterized by the mean curvature and the area per copolymer
junction which increased as the homopolymer concentration increased
and/or the homopolymer molecular weight decreased. These trends were
generally obeyed both between and within ordered morphology types.
The morphologies observed in AB/hA blends were summarized in
two new types of isothermal morphology diagrams. The constant
molecular weight morphology diagrams illustrated the interdependence of
the copolymer composition and the homopolymer concentration. The
constant copolymer composition diagrams emphasized the importance of
the relative homopolymer molecular weight and the overall blend
composition. These morphology diagrams will guide future theoretical
developments.
vii
TABLE OF CONTENTS
Page
ACKNOWLEDGEMENTS iv
ABSTRACT vi
LIST OF TABLES xi
LIST OF FIGURES xii
Chapter
1. INTRODUCTION 1
2. LAMELLAR MORPHOLOGY 5
Introduction 5
Experimental Methods 7
Materials 7
Blend Preparation 8
Transmission Electron Microscopy 9
Differential Scanning Calorimetry 9
Small Angle X-ray Scattering 10
Results 11
Lamellar Spacing 12
Layer Thicknesses and Area per Copolymer Junction 14
Swelling in the Polystyrene Layers 16
Discussion 18
Conclusions 21
References 23
3. THE ORDERED BICONTINUOUS DOUBLE DIAMOND
MORPHOLOGY 35
Introduction 35
Experimental Methods 37
Materials 37
Blend Preparation 39
• • •
Vlll
Transmission Electron Microscopy 39
Small Angle X-ray Scattering 40
Results 42
Lamellar Diblock Copolymer and Homopolymer Blends
.... 42
Cylindrical Diblock Copolymer and Homopolymer Blends
.. 48
Mean Curvature and Area per Copolymer Junction 50
Discussion and Conclusions 53
References 53
4. ORDER-ORDER TRANSITIONS 68
Introduction 68
Experimental Methods 70
Materials 70
Blend Preparation 71
Transmission Electron Microscopy 71
Small Angle X-ray Scattering 72
Results 75
Overall Polystyrene Composition 78
Mean Curvature of the PS-PI Interface 79
Area per Copolymer Junction on the PS-PI Interface 83
Discussion 86
Conclusions 91
References 93
5. MORPHOLOGY DIAGRAMS 101
Introduction 101
Experimental Methods 102
Materials 102
Blend Preparation 104
Transmission Electron Microscopy 104
Morphology Types 105
Disordered Micelles 106
Constant Molecular Weight Diagrams 109
Construction of Constant Molecular Weight Diagrams 109
Versatility of Lamellar Diblock Copolymers Ill
Loss of Long Range Order 112
ix
Macrophase Separation H4
Constant Copolymer Composition Diagrams 115
Construction of Constant Copolymer Composition
Diagrams H5
Loss of Long Range Order 117
Order-order Transitions 119
Conclusions 12i
References 123
6. CONCLUSIONS AND FUTURE WORK 134
Conclusions 134
Future Work 137
APPENDICES
A
.
ANNEALING STUDY IN BINARY BLENDS 141
Introduction 141
Experimental Methods 141
Results 142
Discussion 143
B. LATTICE TYPE AND LATTICE PARAMETER CALCULATED
FROM SMALL ANGLE X-RAY SCATTERING DATA 148
Introduction 148
Determination of the Lattice Type 149
Calculation of the Lattice Parameter 152
References 156
C. SUPPLEMENTAL DATA AND MORPHOLOGY DIAGRAMS 157
Constant Molecular Weight Diagram with 6 hPS and SI 157
Constant Molecular Weight Diagram with 14 hPS and SI 160
Constant Molecular Weight Diagram with 37 hPS and SI 163
Constant Copolymer Composition (25 - 27 PSvol%) Diagram 165
Constant Copolymer Composition (44 - 51 PSvol%) Diagram 168
Constant Copolymer Composition (68 - 77 PSvol%) Diagram 173
BIBLIOGRAPHY 176
LIST OF TABLES
Table Page
2.1 SAXS Results for Binary Blends of Diblock Copolymer SI27/22
and Homopolystyrene 26
2.2 Comparison of Axial and Lateral Expansions in the PS Layer
as a Function of the Volume Percent Increase in the PS
Layer and the Homopolymer Molecular Weight 27
3.1 Characteristics of the Poly(styrene-b-isoprene) and
Poly(styrene-b-butadiene) Diblock Copolymers 60
3.2 Homopolymer Concentration Series in Blends of 14 hPS and
SI27/22 61
3.3 Binary Blends of SI 27/22 and Various hPS: Homopolymer
Concentration and Homopolymer Molecular Weight
Dependences of the Morphology, Mean Curvature and
Area per Copolymer Junction 62
4.1 Blends of SI27/22 and hPS with Ordered Morphologies:
Morphology, Overall PS Volume Fraction and Lattice
Parameter 96
4.2 Disordered Spherical Micelles in Blends of SB20/20 and hPS. . . 97
5.1 Characteristics of the Poly(styrene-b-isoprene) and
Poly(styrene-b-butadiene) Diblock Copolymers 125
A.l SAXS Results for a Blend of 40% 14 hPS in SI27/22 145
xi
LIST OF FIGURES
Figure Page
2.1 Transmission electron micrograph of the lamellar
morphology in a diblock copolymer and homopolymer
blend of 10% 14 hPS 28
2.2 Differential scanning calorimetry results for the glass
transition in the polyisoprene microdomain of the lamellar
morphology of a neat diblock copolymer (SI27/22) and
binary blends with 20% of 2.6 hPS, 6 hPS, 14 hPS or 37 hPS. 29
2.3 Desmeared small angle x-ray scattering intensities as a
function of scattering vector for SI27/22, 10% 14 hPS, and
20% 14 hPS, as labeled. Peak orders of the lamellar
microdomains are indicated with arrows. The intensity
curves are offset vertically for legibility 30
2.4 Lamellar spacing versus homopolymer concentration in
blends of SI27/22 and various hPS. Homopolystyrenes are
indicated 31
2.5 Log-log plot of the lamellar spacing dependence on the
homopolymer molecular weight for blends of SI27/22 with
10% hPS (open squares) or 20% (filled square), as
indicated 32
2.6 Polystyrene layer thickness (a) and polyisoprene layer
thickness (b) versus homopolymer concentration in blends
of SI27/22 and various hPS. Homopolystyrenes are
indicated 33
2.7 Area per copolymer junction versus homopolymer
concentration in blends of SI27/22 and hPS for various
homopolystyrene molecular weights 34
3.1 Transmission electron micrograph of the OBDD morphology
([111] projection) in a binary blend containing a lamellar
diblock copolymer and homopolymer: 40% 17 hPS and
SB20/20 63
Xll
3.2 Transmission electron micrographs showing the
homopolymer concentration dependence of the morphology
in blends of 14 hPS and SI27/22. a.) 24%, lamellae; b.)
32%, the OBDD morphology; c.) 36%, cylinders on a
hexagonal lattice $4
3.3 Transmission electron micrographs showing the
homopolymer molecular weight dependence of the
morphology in blends of 30% hPS and SI27/22. a.) 2.6 hPS,
cylinders on a hexagonal lattice; b.) 6 hPS, the OBDD
morphology; c.) 14 hPS, the OBDD morphology; d.) 30 hPS,
lamellae 65
3.4 Desmeared small angle x-ray scattering intensities as a
function of the scattering vector for blends of 30% hPS with
various homopolymer molecular weights and SI27/22. a.)
2.6 hPS, cylinders on a hexagonal lattice; b.) 6 hPS, the
OBDD morphology; c.) 14 hPS, the OBDD morphology
; d.)
30 hPS, lamellae. Arrows mark the allowed reflections.
The intensity curves are offset vertically for legibility 66
3.5 Transmission electron micrograph of the binary blend 22%
7 hPB and SB20/20 which exhibits the coexistence of
lamellae (left) and the OBDD morphology (right) 67
4.1 Transmission electron micrographs showing the order-order
transitions with increasing homopolymer concentration in
blends of 6 hPS and SI27/22. a.) 10% lamellae, b.) 30% the
ordered bicontinuous double diamond morphology, c.) 50%
cylinders on a hexagonal lattice, d.) 70% spheres on a
cubic lattice 98
4.2 Mean curvature of the PS-PI interface versus homopolystyrene
concentration in blends of SI27/22 and hPS. The plot
symbols indicate the homopolystyrene: open circles 2.6 hPS,
filled circles 6 hPS, open squares 14 hPS, and filled squares
30 hPS. The letters on the plot indicate the ordered
morphology of the blend: L lamellae, DD the ordered
bicontinuous double diamond morphology, C cylinders, S
spheres on either a simple cubic (SO or a body-centered
cubic (BCC) lattice 99
4.3 Area per copolymer junction on the PS-PI interface versus
homopolystyrene concentration in blends of SI27/22 and
hPS. The plot symbols and letters are described in
Figure 4.2 100
xiii
5.1 Schematic of spherical (a), cylindrical (b), and lamellar (c)
micelles formed in the binary blends of diblock copolymer
(AB) and selective homopolymer (hA) 126
5.2 Transmission electron micrographs showing disordered
cylindrical micelles with spherical endcaps in a thin film
sample with a composition of 88% 17 hPS and SB20/20.
a.) no tilt, b.) 25° tilt around the indicated axis 127
5.3 Transmission electron micrographs showing disordered
micelles in blends with decreasing 14 hPS concentration in
SI27/22. a.) 90%, disordered spherical micelles; b.) 80%,
disordered spherical and cylindrical micelles; c.) 70%,
partially ordered cylindrical micelles; d.) 60%, partially
ordered cylindrical micelles 128
5.4 Transmission electron micrograph of disordered lamellar
micelles. Spherical vesicles, irregularly shaped vesicles
and extended sheets occur in the blend of 88% 30 hPS and
SB20/20 129
5.5 Constant molecular weight morphology diagram for
homopolystyrene of 5,900 g/mol and poly(styrene-b-isoprene)
diblock copolymers of -54,000 g/mol. Letters
indicate the morphology: D - disordered micelles, S -
spheres on a cubic lattice, C - cylinders on a hexagonal
lattice, DD - the ordered bicontinuous double diamond
morphology, L - ordered lamellae, and M - macrophase
separation. Filled symbols indicate blends with partial
order 130
5.6 Constant molecular weight morphology diagram for
homopolystyrene of 14,000 g/mol and poly(styrene-b-isoprene)
diblock copolymers of -54,000 g/mol. Letters
indicate the morphology as described in Figure 5.5 131
5.7 Transmission electron micrograph of cylinders on a hexagonal
lattice in the binary blend of 50% 14 hPS and SI27/22 132
5.8 Constant copolymer composition morphology diagram for
various homopolystyrenes blended with lamellar diblock
copolymers of 44 - 51 vol% polystyrene: squares SI27/22,
triangles SB20/20, and circles SB40/40. Solid lines indicate
the transitions between ordered morphologies and dashed
lines indicate the continuous transitions to disordered
micelles. Letters indicate the morphology as described in
Figure 5.5 133
xiv
A.l Transmission electron micrographs of the blend 40% 14 hPS
and SI27/22. a) as cast; b.) annealed for 169 hours 146
A. 2 Smeared small angle x-ray scattering intensities as a function
of the scattering vector for the cast blend, the cast and pressed
blend, the cast, pressed and annealed for 8.3 hours blend,
and the cast, pressed and annealed for 169 hours blend
containing 40% 14 hPS and SI27/22 147
C.l Constant molecular weight morphology diagram for
homopolystyrene of 5,900 g/mol and poly(styrene-b-isoprene)
diblock copolymers of -54,000 g/mol. Letters indicate the
morphology: D - disordered micelles, S - spheres on a cubic
lattice, C - cylinders on a hexagonal lattice, DD - the ordered
bicontinuous double diamond morphology, L - ordered
lamellae, and M - macrophase separation. Filled symbols
indicate blends with partial
order 159
C.2 Constant molecular weight morphology diagram for
homopolystyrene of 14,000 g/mol and poly(styrene-b-isoprene)
diblock copolymers of -54,000 g/mol. Letters indicate the
morphology as described in Figure C.l 162
C.3 Constant molecular weight morphology diagram for
homopolystyrene of 36,700 g/mol and poly(styrene-b-isoprene)
diblock copolymers of -53,000 g/mol. Letters indicate the
morphology as described in Figure C.l 164
C.4 Constant copolymer composition morphology diagram for
various homopolystyrenes blended with cylindrical diblock
copolymers of 25 - 27 vol% polystyrene: squares SI13/34 and
triangles SB 10/23. Letters indicate the morphology as
described in Figure C.l 167
C.5 Constant copolymer composition morphology diagram for
various homopolystyrenes blended with lamellar diblock
copolymers of 44 - 51 vol% polystyrene: squares SI27/22,
triangles SB20/20, and circles SB40/40. Solid lines indicate
the transitions between ordered morphologies and dashed
lines indicate the continuous transitions to disordered
micelles. Letters indicate the morphology as described in
Figured 172
C.6 Constant copolymer composition morphology diagram for
various homopolystyrenes blended with cylindrical diblock
copolymers of 68 - 77 vol% polystyrene: squares SI45/12,
triangles SB40/10, and circles SB23/10. Letters indicate
the morphology as described in Figure C.l 175
xv
CIIAI'TKR 1
INTRODUCTION
Polymer-polymer blends are miscible only in the presence of specific
monomer-monomer interactions or when the polymers have very similar
chemical structures. Thus, most polymer blends will macrophase separate
into domains rich in one or the other component and have a distribution of
domain sizes which is determined primarily by the processing of the
polymer blend. The resultant morphology is neither periodic or controlled
nor readily characterized. Two homopolymers with different monomer
units form a diblock copolymer when one polymer chain end is covalently
bonded to a polymer chain end of the other polymer. In the case of
immiscible polymer blocks, the diblock copolymer forms ordered
microphase separated morphologies. The geometry of the microdomain
depends primarily on the overall volume fraction. The degree of order
depends on the synthetic quality of the diblock copolymer (polydispersity
index, chemical uniformity within a block, etc.) and the preparation
technique. The periodic length scale of the ordered morphologies is
established by the molecular weight of the polymer blocks, unlike the case of
immiscible polymer-polymer blends.
This dissertat ion presents a study of binary blend containing diblock
copolymer and homopolymer having highly ordered or liquid-like ordered
morphologies. Such blend systems have the ability to macrophase and/or
microphase separate. The specific blends of this dissertation involve a
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homopolymer (hA) which is chemically identical to one of the blocks of the
diblock copolymer (AB). The binary blends are prepared from a
poly(styrene-b-isoprene) (SI) or poly(styrene-b-butadiene) (SB) diblock
copolymer and a homopolystyrene (hPS), homopolyisoprene (hPI) or
homopolybutadiene (hPB). The composition of the diblock copolymer, the
homopolymer concentration in the blend, and the molecular weights are
systematically varied in this investigation. Equilibrium blends will be
prepared to minimize the influence of blend processing. The primary tools
for this study are transmission electron microscopy and small angle x-ray
scattering.
Answers are sought to three sets of questions:
1. ) What morphologies can be produced by careful preparation of
binary blends containing a diblock copolymer and a homopolymer? Will the
difference between blend morphologies be subtle size differences within a
given geometry and/or dramatic shape and symmetry differences? Do
macrophase separation and microphase separation or periodic and non-
periodic morphologies occur with the same frequency?
2. ) To what extent do the various fundamental molecular
parameters influence the blend morphology? Can the blend morphologies
be altered by the homopolymer concentration, the homopolymer molecular
weight, the copolymer composition and/or the copolymer molecular weight?
Can the influence of these molecular parameters on the blend morphology
be consolidated into a usable form?
3. ) What do these equilibrium morphologies indicate about the
polymer thermodynamics for the specific case of a diblock copolymer
blended with a selective homopolymer? How does the mixing of hA and the
spatially restricted A block of a copolymer compare to the athermal mixing
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of unrestricted homopolymers? Can a quantitative description of the blend
morphology elucidate polymer chain conformations as the A block of a
copolymer selectively mixes with hA?
These expansive questions pervade the entire dissertation, though
the chapters are divided topically. Chapter 2 focuses on binary blends of a
SI diblock copolymer and various homopolystyrenes in which both the neat
diblock copolymer and the blends exhibit a lamellar morphology. The
lamellar spacing, layer thicknesses and area per copolymer junction are
used to describe how the addition of hPS perturbs the SI diblock copolymer.
Mixing between the homopolymer and the PS block as well as chain
conformations are discussed.
The ordered bicontinuous double diamond (OBDD) morphology is a
recently discovered morphology in neat linear and star diblock copolymers.
We demonstrate in Chapter 3 the presence of the OBDD microstructure in
blends of a lamellar or cylindrical diblock copolymer and a homopolymer.
The molecular parameters pertinent to preparing the OBDD morphology in
a blend are identified and their values determined. The mean curvature of
the intermaterial dividing surfaces is introduced as an insightful measure
of the response of the diblock copolymer to the addition of homopolymer.
The homopolymer molecular weight and the homopolymer concentration
dependencies of the mean curvature and the area per copolymer junction
reflect the degree of chain swelling of the A block of the copolymer by hA.
Unprecedented control of well-ordered blend morphologies is
achieved in blends of a lamellar diblock copolymer and a homopolymer.
The interrelationships of the morphology type, the aggregate size and the
molecular parameters found in the four ordered morphologies of diblock
copolymer/ homopolymer blends are presented in Chapter 4. Order-order
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transitions are observed as a function of the homopolymer concentration
and the homopolymer molecular weight. The overall polystyrene volume
fraction, the interfacial mean curvature, and the area per junction
quantitatively track these morphological transitions.
The most comprehensive part of the dissertation is the construction
and the interpretation of newly developed morphology diagrams in
Chapter 5. A large amount of morphological data is organized into concise
visual formats. The order-order transitions and the loss of long range
order are illustrated in isothermal diagrams with constant molecular
weight or constant copolymer composition. The morphology diagrams
provide insight to the molecular parameters which control the morphology
of the binary blends.
The conclusions of the dissertation are presented in Chapter 6 within
the context of the general questions given above. The last chapter also
includes suggestions for future work.
Chapters 2, 3, 4, and 5 are written as separate entities to facilitate
submission for individual journal publication. The text, references, tables
and figures for each chapter are presented sequentially to maintain the
flow of the manuscript.
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CHAPTER 2
LAMELLAR MORPHOLOGY
Introduction
Studies of lamellar diblock copolymers have determined the domain
spacing dependence on the total molecular weight and the chain
conformations relative to a Gaussian chain. The scaling law for the
domain spacing, L, and the diblock copolymer molecular weight, M, is
theoretically determined to be L ~ M2/3 [1,2]. This scaling law has been
approximately confirmed experimentally for the strong segregation limit in
poly(styrene-b-isoprene) and poly(styrene-b-2-vinylpyridine) lamellar
diblock copolymers [3, 4, 5]. A scaling exponent greater than 1/2 indicates
the chains are stretched normal to the interface relative to a Gaussian
chain. Small angle neutron scattering experiments have been used to
investigate chain conformations of a deuterated block of the copolymer in
the lateral (parallel to the interface) and axial (normal to the interface)
directions [6, 7, 8]. The polymer chain is found to be contracted laterally
and extended axially in the lamellar morphology as compared to a
Gaussian chain. In the case of a poly(styrene-b-isoprene) diblock copolymer
having a total molecular weight -75,000 g/mol and -49 PSwt%, the
polystyrene block is approximately 30% contracted in the lateral direction
and approximately 20% extended in the axial direction [7]. The lamellar
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morphology of a diblock copolymer perturbs the chain conformations of the
components.
A simple case of binary blends containing a diblock copolymer and a
homopolymer involves adding small amounts of homopolymer to a diblock
copolymer to selectively swell the system without changing the morphology
type. Ptaszynski et al. first investigated the lamellar spacing and layer
thicknesses of binary blend containing a lamellar poly(styrene-b-isoprene)
diblock copolymer, having a total molecular weight of -90,000 g/mol with
-44 PSwt%, and a homopolystyrene (hPS) [9]. The lamellar spacing and the
PS layer thickness were found to increase with increasing hPS
concentration for a homopolystyrene with a molecular weight about one
quarter that of the PS block of the copolymer. The PI layer thickness was
found to decrease with increasing hPS concentration. Hashimoto et al.
recently published a study on the homopolymer molecular weight
dependence of the lamellar morphology in blends at a single homopolymer
concentration containing homopolystyrene and poly(styrene-b-isoprene)
diblock copolymer with a total molecular weight of 31,600 g/mol and
48 PSwt% [10]. Blends of 20 wt% homopolystyrene exhibit an increase in the
lamellar spacing, the PS layer thickness and the PI layer thickness as the
homopolymer molecular weight increases from 2,300 to 16,700 g/mol.
These authors also comment that the distribution of hPS in the PS
microdomain becomes "less uniform" as the homopolymer molecular
weight increases. Deuterated homopolystyrene is not distributed uniformly
in the PS matrix of a spherical diblock copolymer when the homopolymer
molecular weight is comparable to or larger than the molecular weight of
the PS block as determined by Berney et al. using small angle neutron
scattering [11]. Quan et al. investigated four blends in which 20 wt% of a
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homopolymer was added to the midblock of a lamellar triblock
copolymer [12, 13]. Their results indicate contraction of the lamellar I
spacing for homopolymer molecular weights considerably less than the
midblock molecular weight, while expansion is observed for comparable
molecular weights. Macrophase separation and a lamellar spacing of the
pure triblock copolymer are observed for a blend prepared with a
homopolymer molecular weight larger than the midblock.
This study investigates the incorporation of homopolymer into the
lamellar morphology of a diblock copolymer. The lamellar spacings of the
neat poly(styrene-b-isoprene) diblock copolymer and the diblock copolymer
swollen with homopolystyrene are measured as a function of homopolymer
concentration and homopolymer molecular weight by small angle x-ray
scattering. Transmission electron microscopy is used to confirm the
lamellar morphology of the blend. Note that chain conformations are not
determined directly by these experiments, but can be inferred in a limited
manner. Axial changes in the PS and PI layers are determined by layer
thicknesses while the lateral changes between the block copolymer are
determined by the area per copolymer junction. The symmetry of swelling
is evaluated by comparing the axial and lateral changes in the PS layer.
Experimental Methods
Materials The poly(styrene-b-isoprene) diblock copolymer for this
study was synthesized and characterized by Dr. L. J. Fetters of Exxon
Research and Engineering Company. The anionic polymerization was
initiated with purified sec-butyllithium in a benzene/cyclohexane mixture
(10/90 v/v) at 30°C using a high vacuum technique [14]. The polystyrene
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block (PS) was polymerized first after which an aliquot was removed for
characterization. A Waters 150C size exclusion chromatograph (SEC)
calibrated with polystyrene standards was used to determine the number
average molecular weight, 26,600 g/mol, and the polydispersity index, 1.02,
of the PS block. Isoprene monomer was subsequently added to the reaction
mixture and the resulting polyisoprene block (PI) has an approximate
microstructure distribution of 70% cis-1,4, 24% trans-1,4, and 6% 3,4
addition. The molar composition and the polydispersity index (<1.05) of the
diblock copolymer were measured with a 400 MHz !H NMR and by SEC,
respectively. The number average molecular weight of the PI block (22,100
g/mol) and the PS weight percent (55 wt%) where calculated from the PS
block molecular weight and the molar composition. The diblock copolymer
used in this study is identified as SI27/22 were the numbers refer to the
molecular weights of polystyrene and polyisoprene blocks given in kg/mol.
The homopolystyrenes (hPS) were purchased from Pressure
Chemical Company and characterized by Dr. L. J. Fetters. The
homopolystyrenes have the following number average molecular weights
and polydispersity indices as determined by SEC: 2,600 g/mol (1.11), 5,900
g/mol (1.08), 14,000 g/mol (1.02) and 36,700 g/mol (1.02). The
homopolystyrenes are designated by their approximate molecular weight
given in kg/mol followed by hPS: 2.6 hPS, 6 hPS, 14 hPS, and 37 hPS. Prior
to use the polystyrene homopolymers were treated at 160°C under vacuum
for 30 minutes to remove residual solvent, styrene monomer, dimers and
oligomers. During this procedure the material foamed.
Blend Preparation The protocol for blend preparation was designed
to reproducibly prepare bulk binary blends at thermodynamic equilibrium
characteristic of the annealing temperature, 125°C. Blends were prepared
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by solvent casting and annealing. A 3 wt% polymer solution was prepared
in toluene which is a nonselective solvent for polystyrene and polyisoprene.
The solution was placed in a glass casting dish which had been coated with
the mold release agent dichlorodimethylsilane. The solvent slowly
evaporated in 7 to 10 days at room temperature to form a ~1 mm thick
sample. The blend was dried (2 weeks at 40°C) and annealed (1 week at
125°C) in a vacuum oven. The annealing procedure is more than sufficient
to develop a well-ordered, equilibrium morphology in the blend (see
Appendix A). The casting dish with the sample was removed from the oven
and quenched in liquid nitrogen to end the heat treatment. Blends are
identified by the homopolystyrene concentration in the blend given in
weight percent and the homopolystyrene: 20% 14 hPS. These two
parameters fully define the blend because the diblock copolymer and
annealing temperature remain constant. Table 2.1 lists the fourteen blends
prepared for this study.
Transmission Electron Microscopy Selected blends were imaged
with transmission electron microscopy (TEM) to confirm the lamellar
model that was used in the SAXS analysis. Bulk samples were microtomed
at low temperature (approximately -110°C) with a diamond knife and a
Reichert Ultracut microtome with a FC4 cryo temperature attachment.
Thin sections, approximately 500 A, were stained with OSO4 vapors. The
sections were examined in the bright field mode using a JEOL 100CX
transmission electron microscope at 100 kV.
Differential Scanning Calorimetrv The glass transition of the PI
microdomain was determined by differential scanning calorimetry (DSC).
Thermal transition data was obtained with a DuPont DSC 2910 differential
scanning calorimeter. Annealed blend samples of ~8 mg were sealed in
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aluminum pans. Each sample was quenched from room temperature to
-120°C then heated at 20°C/min to 150°C under a dry nitrogen purge. This
procedure was performed three times on each sample and the multiple
scans were indistinguishable. The microphase separation or the
order-disorder transition temperature is probably above the maximum
temperature of the DSC scan, 150°C, because the glass transitions were as
well-defined in the second and third scans as they were in the first scan.
Blends of diblock copolymer and homopolymer in the homogeneous state
are expected to have a single glass transition between the glass transitions
of the two components. All blend samples exhibit two well-defined glass
transitions attributed to the polyisoprene and polystyrene microdomains.
The PI glass transition temperatures are reported as the average inflection
point of the three scans. The standard deviation is < 0.5°C.
Small Angle X-rav Scattering The lamellar spacings of the binary
blends were measured by small angle x-ray scattering (SAXS) using Kratky
slit collimation. The x-rays were generated by a sealed tube x-ray source
with a copper anode using an accelerating voltage of 40 kV and a filament
current of 7-10 mA. A Ni filter was used to reduce the CuKp component
o
and produce more monochromatic CuKq x-rays, X = 1.542 A. The scattered
intensities were collected by a Braun one-dimensional position sensitive
detector placed 50 cm from the sample and were corrected for wire
sensitivity and parasitic scattering. The angular calibration of the SAXS
system was accomplished with a duck tendon sample having a repeat
o
distance of 640 A and nine orders of reflection. This calibration was
repeated every three or four days while data was being collected.
Desmeared scattered intensities were obtained by Vonk's scheme using a
computer program originally provided by Vonk and modified by previous
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workers at the University of Massachusetts (Amherst) [15, 16, 17].
Well-resolved peaks were obtained upon desmearing from which the
interplanar spacings (dj = l/sj ) and order numbers (i) were obtained,
where sj is the magnitude of the scattering vector of the ith peak. Linear
regression was performed using all the observed reflections in the following
equation: di = m(l/i) + b, where the y-intercept (b) is ideally zero. The
lamellar spacing (L) of the binary blends is defined as m + b. The arrows
on the desmeared scattered intensity versus scattering vector plots indicate
the anticipated peak positions for the calculated lamellar spacing. Good
agreement is found between the observed and the calculated peak positions.
Appendix B contains details of this linear regression method as it applies to
lamellar and the other lattice types of block copolymer systems.
Results
All the binary blends of this study exhibit the lamellar morphology.
Figure 2.1 shows a transmission electron micrograph of blend 10% 14 hPS
where the dark regions indicate the osmium stained polyisoprene domains.
The lamellar morphology consists of alternating layers of polyisoprene and
polystyrene. The extent of order in the lamellar morphology in these blends
is comparable to that found in neat, lamellar diblock copolymers.
The glass transition temperature (Tg) of the polyisoprene
microdomain remains constant with the addition of homopolystyrene
indicating essentially the absence of homopolystyrene in the PI layer.
Figure 2.2 shows the differential scanning calorimetry (DSC) results for the
neat diblock copolymer and four blends. The PI glass transitions of SI27/22
and the blends containing 20% hPS have the same inflection point (Tg ) and
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breadth within experimental resolution. The glass transition temperatures
of the PI microdomains are
-57°C, -56°C,
-56°C, and
-56°C for blends with
20% of 2.6 hPS, 6 hPS, 14 hPS and 37 hPS, respectively, as compared to
-56°C
for SI27/22. If homopolystyrene mixed with the PI domain, the Tg of the PI
layer would be expected to increase. For example, if the PI layer contained
5 wt% of 2.6 hPS, the Wood equation predicts a Tg increase from -56°C for
the neat diblock copolymer to -51°C for the blend, which is a measurable
difference [18]. A constant Tg for the PI microdomains indicates
approximately pure PI and pure PS microdomains for all the blends, where
essentially all the homopolystyrene resides in the PS microdomain.
Lamellar Spacing The lamellar spacings of the neat diblock
copolymer and the binary blends were determined from desmeared small
angle x-ray scattering patterns. Figure 2.3 shows the desmeared scattered
intensities as a function of the scattering vector for the blend system of
14 hPS and SI27/22 with increasing homopolymer concentration (0%, 10%
and 20%). As expected, the relative peak intensities change due to the
increasing overall polystyrene composition in the blend. The even ordered
peaks are somewhat suppressed in the neat diblock copolymer, because the
copolymer composition is near 50 vol% where the even order interference
peaks coincide with minima in the form factor scattering. Adding
homopolystyrene to SI27/22 increases the polystyrene composition,
producing more pronounced even ordered reflections while weakening the
odd ordered reflections. Note that lamellar spacings both larger and
smaller than the neat diblock copolymer are observed in the blends,
Table 2.1.
Increasing the homopolymer content in a blend typically causes a
slight initial decrease followed by an increase in the lamellar spacing,
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Figure 2.4. For example, the homopolymer concentration sequence with
14 hPS has lamellar spacings of 382 A (-1%), 398 A (+1%),403 A (+4%), 422 A
(+9%), 431 A (+11%), and 451 A (+16%), as the homopolymer concentrations
of the blends increase from 5% to 24%. The percentages are relative to the
pure diblock copolymer having L = 387 A. The initial decrease in L is more
pronounced and extends to larger homopolymer concentrations at lower
homopolymer molecular weights. Blend 10% 2.6 hPS has a lamellar
spacing of 374 A which is a -3% difference relative to SI27/22.
Increasing the homopolymer molecular weight increases L at a fixed
homopolystyrene concentration (see Figure 2.4). At 20% hPS, the lamellar
spacing is 382 A (-1%) for 2.6 hPS and 464 A (+20%) for 37 hPS. The
homopolymer molecular weight (Mhps) dependence of the lamellar spacing
(L) can be expressed as an approximate power law. Figure 2.5 displays a
log-log plot of L versus Mhps at two homopolymer concentrations, 10% and
20%. A simple power law expression is assumed which implies consistent
physics over the entire homopolymer molecular weight range. The
experimental power laws depend on the homopolymer concentration:
L ~ Mhps 0 02 at 10% hPS (2.1)
L ~ MhPS 0 07 at 20% hPS (2.2)
Though a very weak homopolymer molecular weight dependence is
observed for the lamellar spacing, the dependence is significantly stronger
at a higher homopolymer concentration. The resultant lamellar spacings
are a combination of changes in the PS and PI lamellar layers which will
now be discussed.
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Layer Thicknesses and Area per Copolymer Junction The individual
layer thicknesses and the average area per copolymer junction on the PS-PI
interface are calculated from the lamellar spacings and the overall
compositions of the blends. Pure phases with zero interfacial thickness are
assumed for the calculation of the overall polystyrene volume fraction and
the subsequent calculations of the layer thicknesses and the area per
junction. The DSC results indicate that the homopolystyrene has not
penetrated the polyisoprene block, thus the two microdomains are
essentially pure as discussed above. Interfaces in diblock copolymers are
known to be narrow (-20 A) in the strong segregation condition, meaning
far from the microphase separation transition, (xN)crit [3]. Theoreticians
have determined (xN)crit to be 10-11 for perfectly symmetric lamellar diblock
copolymers [2, 19, 20]. The neat diblock copolymer of this study is in the
strong segregation limit, because %N * 32 for SI27/22 at 125°C as compared
to the experimentally determined (%N)crit = 10-12 for a lamellar SI diblock
copolymer [17]. The addition of <25% of homopolystyrene is not expected to
sufficiently reduce xN to the weak segregation limit, though (xN)crit may
increase with the addition of low molecular weight homopolymer [21].
Further justification for the above calculations comes from the work of
Hashimoto, et al. with similar polymer blends [10]; good agreement was
found between the PS layer thickness calculated from a paracrystal
analysis of SAXS data and from a volumetric calculation which assumes
pure phases. The volumetric calculation will be used here.
The overall polystyrene volume fraction, Ops, includes the
homopolystyrene and the polystyrene block of the copolymer. The
homopolymer concentration in the blend, the composition of the copolymer,
and the polymer densities are used to calculate Ops. The densities used are
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characteristic of 125°C, the annealing temperature, as determined by Dr.
D. Walsh using pressure-volume-temperature measurements:
PPS = 0.999 g/cm3 and pPI = 0.856 g/cm3 [22]. Note that if room temperature
densities are used (pPS = 1.033 gW, pPI = 0.903 gW) the overall PS
volume fraction changes by less than 0.5 PSvol%. The polystyrene layer
thickness (lPs) and the polyisoprene layer thickness (lPi) are given by
IPS = ^PS L (2.3)
1P I =L-1PS =(1-<DPS)L (2.4)
The average area per junction (cp on the PS-PI interface is given by
2Mpi
°j " Nav pPi(l-a>PS)L
(2>5)
where MPi is the molecular weight of the PI block and Nav is Avogadro's
number. These three parameters (lPs, lpi, op provide a measure of the size
changes of the PS and PI layers using the lamellar spacing and the overall
composition. The layer thicknesses measure the axial changes in the
lamellar morphology, where the axial direction is perpendicular to the
PS-PI interface. The area per junction measures the lateral changes in the
lamellar morphology, where the lateral directions are parallel to the PS-PI
interface.
Figure 2.6 shows the axial changes in the PS and PI layers as a
function of homopolymer content in the blend. The layer thicknesses are
also listed in Table 2.1 for the neat diblock copolymer and the binary blends.
The axial dimension of the polystyrene layer increases with increasing
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homopolymer content in the blend at a fixed homopolymer molecular
weight. The expansion in the PS layer thickness is considerably greater for
larger homopolymer molecular weights. The polyisoprene layer thickness
decreases relative to the PI layer in SI27/22 as the homopolymer content in
the blend increases. The decrease in PI layer thickness with increasing
homopolymer concentration becomes less pronounced as the homopolymer
molecular weight increases until an approximately constant PI layer
thickness is observed for blends with 37 hPS. The layer thicknesses indicate
an axial expansion in the PS layer and an axial contraction in the PI layer
of the binary blends.
In all cases the area per copolymer junction in a binary blend is
larger than that of the pure diblock copolymer, indicating lateral expansion
between the copolymer chains, Figure 2.7. The area per junction at fixed
homopolymer concentration increases with decreasing homopolymer
molecular weight: for example, blend 20% 37 hPS has oj = 462 A2 (+3%),
while blend 20% 2.6 hPS has aj = 560 A2 (+25%), where the percentages are
relative to (jj = 449 A2 for SI27/22. The area per junction also increases with
the addition of homopolymer: for example, blend 10% 2.6 hPS has oj
= 514 A2 (+15%), while blend 20% 2.6 hPS has Oj = 560 A2 (+25%). An
exception is the case of adding 37 hPS to SI27/22 where oj remains
approximately constant with increasing homopolymer concentration. The
area per copolymer junction increases as the homopolymer molecular
weight decreases and in general increases as the homopolymer content in
the blend increases.
Swelling in the Polystyrene Layers The axial and lateral dilations in
the PS layer can be compared to the pure diblock copolymer to investigate
quantitatively the asymmetry of swelling. The axial increase in the PS
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layer is given by the percent change in 1PS relative to SI27/22:
APS - lps
0
)/lps°> where 1PS° is the polystyrene layer thickness in SI27/22.
The lateral expansion in the PS layer is given by comparing the square root
of the area per junction: (ojl/2 - Oj0 l/2)/Oj0 1/2, where aj0 is the area per
junction in SI27/22. The results are summarized as "percent axial
expansion:percent lateral expansion" in Table 2.2. Given a fixed diblock
copolymer and temperature, the binary blend system is fully defined by the
homopolymer molecular weight and the homopolymer concentration in the
blend. These two parameters are the horizontal and vertical designations
in the chart. The homopolymer concentration in the blend has been used to
calculate the total percent increase in the PS layer volume with the
assumption of pure phases. The PS layer volume percent increase is
related to the percents of axial and lateral expansion as shown for the blend
of 20% 6 hPS; this blend exhibits 21% axial and 10% lateral expansion in the
PS layer to give an overall volume percent increase of 46% in the PS layer:
(1.21)(1. 10)2 = 1.46. If only axial expansion occurs in the PS layer the
percent of axial expansion equals the volume percent increase in the PS
layer and the percent of lateral expansion is zero. For blend 20% 6 hPS the
result for entirely axial expansion would be 46%:0% instead of the observed
21%: 10%.
The asymmetry of swelling in the PS layer can be dramatic. The
blend system of 14 hPS and SI27/22 shows symmetric swelling (3%:3%) at
5% hPS, asymmetric swelling (10%:5%) at 10% hPS, and significantly
asymmetric swelling (29%:6%) at 20% hPS. The asymmetric swelling
favors expansion in the axial direction as the lateral expansion appears to
reach a limit of approximately 6% in blends of SI27/22 and 14 hPS as the
hPS concentration increases. Blends with lower molecular weight
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homopolymers exhibit the transition from symmetric to asymmetric
swelling at higher homopolymer content. The PS layer in the blend
10% 2.6 hPS is swollen approximately symmetrically (5%:7%), and becomes
only slightly asymmetric in the blend 20% 2.6 hPS (16%: 12%). A
pronounced molecular weight dependence is observed in the blends with
20% homopolymer: 16%:12% with 2.6 hPS, 21%:10% with 6 hPS, 29%:6%
with 14 hPS, and 42%:1% with 37 hPS. Increasing the homopolymer
molecular weight dramatically increases the asymmetric nature of
swelling in the PS layer and favors axial expansion. The 46 vol% increase
in the PS layer of blend 20% 37 hPS is almost entirely compensated for in
axial swelling as indicated by the axial and lateral expansions, 42%: 1%.
The asymmetric nature of swelling in the PS layer increases with
increasing homopolymer concentration in the blend and with increasing
homopolymer molecular weight.
Discussion
Homopolystyrene mixes with the polystyrene blocks of the SI diblock
copolymer and swells the PS layer both axially and laterally as evidenced by
an increase in lps and Oj. The binary blend system is profoundly different
from grafted polymer chains which can change only axially due to a fixed
grafting density in the presence of homopolymer or solvent. The PI layer
must also expand laterally due to the connectivity between the PS and PI
blocks of the copolymer. The PI layer thickness thus decreases as the area
per copolymer junction increases in order to maintain constant monomer
density in the PI microdomain. The axial contraction of the PI layer
indicates a relaxation of the PI chains from the perturbed conformation of
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the pure diblock copolymer (axially elongated and laterally contracted) to a
more Gaussian-like conformation. The addition of homopolymer to the PS
block of the copolymer reduces the conformational free energy of the PI
block.
We propose that the homopolystyrene is not distributed uniformly
throughout the polystyrene layer and a maximum in the homopolymer
concentration profile is centered in the polystyrene domain. Homopolymers
readily mix with the segments of the PS blocks near the center of the PS
layer. However, mixing between the homopolymer and the PS block
segments near the PS-PI interfaces is restricted due the spatial constraints
of the PS block. The solvent concentration profile near a surface with
grafted polymer chains is not uniform as calculated by using a
self-consistent field theory [23]. This result suggests non-uniform
homopolystyrene distribution in the PS layer for the case of athermal
mixing in AB/hA blends. We are in general agreement with the model put
forth by Hashimoto et al. for diblock copolymer/ homopolymer blends [10].
The consequences of a maximum in the homopolymer concentration
profile are developed here. The PS block segments near the center of the PS
layer are preferentially swollen due to a higher homopolymer concentration
as compared to the PS block segments near the PS-PI interfaces. The chain
swelling of these PS block segments in the axial direction is accommodated
by separating the PS-PI interfaces, thus increasing lps. The lateral chain
swelling of the PS block segments at the center of the PS layer separates the
copolymer molecules, thus increasing aj. The increase in cj is also
accomplished but to a lesser extent by the presence of hPS near the PS-PI
interfaces when the homopolymer molecular weight is sufficiently low to
allow hPS to penetrate toward the PS-PI interfaces. In either case, the PS
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block segments near the PS-PI interfaces fill the gaps near the PS-PI
interfaces produced by the preferential lateral expansion of PS block
segments in the middle of the PS layer. The chain segments near the
copolymer junction in neat lamellar diblock copolymers are more perturbed
relative to a Gaussian conformation than those in the center of the lamellar
microdomain [24]. These highly perturbed chain segments at the PS-PI
interfaces (laterally contracted and axially elongated) assume a more
Gaussian conformation to fill the gaps near the PS-PI interfaces. This
chain relaxation reduces the free energy of the PS block by decreasing the
conformational free energy of a portion of the PS block segments. The
penetration of homopolystyrene toward the PS-PI interfaces also reduces
the system free energy by increasing the entropy of mixing. The
conformational changes of the PS block induced by the presence of hPS are
due to chain swelling and chain relaxation.
The breadth of the homopolymer concentration profile decreases as
the homopolymer molecular weight increases. High molecular weight
homopolymer chains penetrate the spatially constrained PS blocks to a
lesser extent than low molecular weight chains at a fixed homopolymer
concentration. Less mixing between hPS and the PS blocks of the
copolymers produces less lateral expansion. For a fixed volume percent
increase in the PS layer, that is a fixed homopolymer concentration in the
blend, increasing the homopolymer molecular weight reduces the extent of
lateral expansion. Consequently, the axial expansion increases and the
swelling becomes asymmetric as the hPS molecular weight increases at a
fixed hPS concentration. The lower entropy of mixing between high
molecular weight homopolymers and spatially constrained polymer chains
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produces asymmetric swelling which favors axial swelling in the PS
layers.
The breadth and height of the homopolymer concentration profile
increase as the homopolymer concentration in the blend increases until
block saturation is reached. The saturation of the PS blocks is not
equivalent to macrophase separation, because a separate phase of hPS is
not observed. At homopolymer concentrations above the PS block saturation
limit of the PS block, the lateral swelling remains constant and additional
homopolymer is accommodated by separating the PS-PI interfaces without
significantly altering the fully saturated PS blocks. Therefore, while
increasing the homopolymer concentration at a fixed homopolymer
molecular weight initially increases the lateral and axial expansion, the
limit in lateral expansion eventually induces asymmetric swelling.
Conclusions
The swelling of one lamellar diblock copolymer with various
homopolymers has been studied as a function of homopolymer
concentration and homopolymer molecular weight. The observed layer
thicknesses and areas per junction are the result of a delicate balance
between chain swelling and chain relaxation.
1. The addition of homopolystyrene to a poly(styrene-b-isoprene)
diblock copolymer increases the PS layer thickness and decreases the PI
layer thickness. Typically, the overall lamellar spacing (L) is greater than
that of the pure diblock copolymer, though for low homopolymer molecular
weights and low homopolymer concentrations a few blends have a lamellar
spacing smaller than the neat diblock copolymer. The PS layer expands
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axially with increasing homopolymer molecular weight and/or
homopolymer concentration.
2. The decrease in the PI layer thickness and the increase in area
per junction indicate chain relaxation of the PI block and lateral expansion
between the junctions of the diblock copolymer.
3. The lateral expansion decreases with increasing homopolymer
molecular weight due to a lower degree of penetration of the hPS into the PS
blocks of the copolymer. This result is attributed to a less favorable entropy
of mixing between high molecular weight homopolymers and spatially
restricted polymer chains as compared to low molecular weight
homopolymers. The extent of axial swelling increases above the extent of
lateral swelling as the homopolymer molecular weight increases at a fixed
homopolymer concentration, thus producing asymmetric swelling of the PS
layer.
4. Lateral expansion is found to increase with homopolymer
concentration until the PS block is saturated as evidenced by an upper
bound of Oj. Therefore, the addition of hPS to the PS layer of SI27/22 initially
produces symmetric swelling, but eventually induces asymmetric swelling
which favors axial swelling. The onset of asymmetric swelling occurs at
smaller homopolymer concentrations for higher homopolymer molecular
weights.
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Table 2.1
SAXS Results for Binary Blends of
Diblock Copolymer SI27/22 and Homopolystyrene.
Designation wt%hPS <Dp S L (A) IPS (A) lpi (A)
in blend (PSvol%) (SAXS)
SI 27/22 51% 387 196 191
10% 2.6 hPS 10.0 % 55 % 374 207 1fi7
20% 2.6 hPS 19.8 % 60 % 382 229 153
lUvo o n±*o 10.3 % 56 % 389 216 173
20% 6hPS 20.0 % 60% 397 238 159
5% 14hPS 5.1 % 53 % 382 203 179
10% 14 hPS 10.0 % 55% 389 216 173
15% 14 hPS 1 *i 1 % 171
20% 14hPS 20.0 % 60% 422 253 169
22% 14hPS 22.2 % 61% 431 264 167
24% 14hPS 24.0 % 62% 451 279 172
5% 37 hPS 5.1% 53% 399 212 187
10% 37 hPS 10.0 % 55% 399 221 178
15% 37 hPS 15.1 % 58% 423 244 179
20% 37 hPS 20.0 % 60% 464 278 186
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Table 2.2
Comparison of Axial and Lateral Expansions in the PS Layer
as a Function of the Volume Percent Increase in the PS Layer
and the Homopolymer Molecular Weight.
in blend
v uiuxne
Percent
Increase
2.6 hPS 6hPS 14hPS 37hPS
0% 0% 0% : 0% 0% : 0% 0% : 0% 0% : 0%
5% 10% 3% : 3% 8% : 1%
10% 20% 5% : 7% 10% : 5% 10% : 5% 13% : 4%
15% 33% 18% : 6% 24% : 3%
20% 46% 16% : 12% 21% : 10% 29% : 6% 42% : 1%
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Figure 2.1 : Transmission electron micrograph of the lamellar morphology
in a diblock copolymer and homopolymer blend of 10% 14 hPS.
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Figure 2.2 : Differential scanning calorimetry results for the glass
transition in the polyisoprene microdomain of the lamellar
morphology of a neat diblock copolymer (SI27/22) and binary
blends with 20% of 2.6 hPS, 6 hPS, 14 hPS or 37 hPS.
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Figure 2.3 : Desmeared small angle x-ray scattering intensities as a
function of scattering vector for SI27/22, 10% 14 hPS, and
20% 14 hPS, as labeled. Peak orders of the lamellar
microdomains are indicated with arrows. The intensity
curves are offset vertically for legibility.
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Figure 2.4 : Lamellar spacing versus homopolymer concentration in
blends of SI27/22 and various hPS. Homopolystyrenes are
indicated.
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Figure 2.5 : Log-log plot of the lamellar spacing dependence on the
homopolymer molecular weight for blends of SI27/22 with
10% hPS (open squares) or 20% (filled square), as indicated.
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Figure 2.6 : Polystyrene layer thickness (a) and polyisoprene layer
thickness (b) versus homopolymer concentration in blends of
SI27/22 and various hPS. Homopolystyrenes are indicated.
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Figure 2.7 : Area per copolymer junction versus homopolymer
concentration in blends of SI27/22 and hPS for various
homopolystyrene molecular weights.
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CHAPTER 3
THE ORDERED BICONTINUOUS DOUBLE DIAMOND MORPHOLOGY
Introduction
Researchers reported the ordered bicontinuous double diamond
(OBDD) morphology in linear and star diblock copolymers as early as
1986 [1,2, 3]. The composition regimes for the OBDD in linear
poly(styrene-b-isoprene) diblock copolymers are 28 - 33 PSvol% and 62 - 66
PSvol% [4]. Such narrow composition ranges require precise synthetic
chemistry to produce a diblock copolymer with the OBDD morphology. This
chapter discusses a new method of producing the OBDD microstructure
which relieves the stringent synthetic requirements: binary blends of a
diblock copolymer and a homopolymer [5]. The copolymers used in these
blends have lamellar or cylindrical morphologies which exist over wider
composition regimes than the OBDD morphology and consequently are
synthetically more accessible. The intrinsic domain structure of these
diblock copolymers can be transformed into the OBDD morphology by
adding a selective homopolymer.
The OBDD morphology in polymeric systems is a potentially useful
ordered microcomposite. The minority and majority components of the
ordered bicontinuous double diamond structure are periodic and
continuous in all three dimensions. In contrast, the lamellar morphology
in block copolymers is periodic in only one direction with both components
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continuous in only two directions, the cylindrical morphology is periodic in
two dimensions with only the majority component continuous in three
directions, and the spherical morphology is periodic in three dimensions
but only the majority component is continuous. The minority component of
the OBDD morphology is divided into two interpenetrating networks each
having diamond cubic symmetry. A color computer-generated image
presented elsewhere will assist the reader in visualizing this
microstructure [3]. Both minority channels are separated from the
majority component by an intermaterial dividing surface of approximately
constant mean curvature. Constant mean curvature surfaces minimize
the interfacial area given a volume fraction and a set of symmetry
constraints. The continuity of both components in the OBDD morphology
might lead to applications such as separation devices, membranes,
self-assembled composites or a host of other possibilities. The more
accessible route to the OBDD morphology using a diblock copolymer/
homopolymer blend presented here should encourage further practical
studies.
Discrepancies between experimental findings and theoretical
predictions concerning the OBDD morphology provide a fertile area of
scientific investigation. The observed OBDD morphology apparently
minimizes the free energy with respect to the preferred interfacial
curvature, the interfacial area and the chain conformations for a variety of
systems: star diblock copolymers, linear diblock copolymers and now
diblock copolymer/ homopolymer blends. Theoretical attempts to show that
the free energy of the OBDD morphology is lower than that of spheres,
cylinders or lamellae over a range of compositions in star diblock
copolymers have been unsuccessful to date [6]. The goals of this research
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are to prepare the OBDD morphology in binary blends of diblock copolymer
and homopolymer and to identify the molecular parameters which control
its formation. This chapter explores three molecular parameters which
influence the equilibrium morphology: the homopolymer concentration in
the blend, the homopolymer molecular weight and the morphology of the
diblock copolymer. The intermaterial dividing surface will be
characterized by the mean curvature and the area per copolymer junction
as a function of the above parameters.
Experimental Methods
Materials The poly(styrene-b-isoprene) diblock copolymers for this
study were synthesized and characterized by Dr. L. J. Fetters of Exxon
Research and Engineering Company. The anionic polymerization was
initiated with purified sec-butyllithium in a benzene/cyclohexane mixture
(10/90 v/v) at 30°C using a high vacuum technique [7]. The polystyrene block
(PS) was typically polymerized first after which an aliquot was removed for
characterization. A Waters 150C size exclusion chromatograph (SEC)
calibrated with polystyrene or polydiene standards was used to determine
the molecular weight and polydispersity index of the first block. The
subsequent addition and polymerization of isoprene monomers gave an
approximate microstructure distribution of 70% ds-1,4, 24% trans-1,4, and
6% 3,4 addition in the polyisoprene (PI) block. One diblock copolymer,
SI45/12, was synthesized in the reverse order; first the PI block was
polymerized and then the PS block. The molar composition and the
polydispersity index of the completed diblock copolymer were measured
with a 400 MHz lB. NMR and by SEC, respectively. The molecular weight of
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the second block to be polymerized and the PS weight percent were
calculated from the molecular weight of the first block and the molar
composition. Poly(styrene-b-butadiene) diblock copolymers were
synthesized and characterized in a similar manner by Dr. Fetters. The
resultant polybutadiene microstructure was approximately 50% trans-1,4,
40% cis- 1,4, and 10% 1,2 addition. The poly(styrene-b-isoprene) and
poly(styrene-b-butadiene) diblock copolymers are identified as SI#/# and
SB#/#, respectively, where the numbers refer to the block molecular
weights given in kg/mol. Table 3.1 lists selected characteristics of the SI
and SB diblock copolymers: the molecular weight of the PS block, the
weight percent of PS and the observed morphology. The polydispersity
index for the first polymerized block and the entire diblock copolymer is less
than 1.05 in all cases. The SB diblock copolymers were employed in
previous studies [8, 9].
The homopolystyrenes (hPS) were purchased from Pressure
Chemical Company and characterized by Dr. L. J. Fetters. The following
number average molecular weights and polydispersity indices were
determined by SEC: 2,600 (1.11), 4,000 (1.13), 5,900 (1.08), 14,000 (1.02), 17,200
(1.04), and 30,100 g/mol (1.02). The homopolystyrenes are designated by
their approximate molecular weight given in kg/mol followed by hPS:
2.6 hPS, 4 hPS, 6 hPS, 14 hPS, and 30 hPS. Prior to use the polystyrene
homopolymers were treated at 160°C under vacuum for 30 minutes to
remove residual solvent, styrene monomer, dimers and oligomers. During
this procedure the material foamed. A homopolyisoprene, 13 hPI, was
purchased from Goodyear Tire & Rubber Company, as sample CDS-I-3 with
a reported microstructure distribution of 18% trans-1,4, 16% cis-1,4, and 6%
3,4 addition. The reported number average molecular weight and
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polydispersity index of 13 hPI are 13,300 and 1.13, respectively, and agree
with SEC results from Dr. Fetters. A homopolybutadiene, 7 hPB, was
anionically polymerized in cyclohexane at 50°C by Dr. Fetters and has a
microstructure distribution of 57% trans-1,4, 34% cis-1,4, and 9% 1,2
addition. Dr. Fetters determined by SEC the number average molecular
weight and polydispersity index of 7 hPB to be 6,950 g/mol and 1.04,
respectively. Sample 7 hPB is sample C-14 of an earlier paper [10].
Blend Preparation The protocol for blend preparation was designed
to reproducibly prepare bulk binary blends at thermodynamics equilibrium
by solvent casting and annealing. A 3 wt% polymer solution was prepared
in toluene which is a nonselective solvent for polystyrene, polyisoprene, and
polybutadiene. The solution was placed in a glass casting dish which had
previously been coated with the mold release agent dichlorodimethylsilane.
The casting dish was partially covered so that the solvent slowly evaporated
in 7 to 10 days at room temperature. The ~1 mm thick sample was dried
(2 weeks at 40°C) and annealed (1 week at 125°C) in a vacuum oven. The
casting dish with the sample was removed from the oven and quenched in
liquid nitrogen to end the heat treatment. Blends are identified by the
homopolymer concentration in the blend given in weight percent, the
homopolymer, and the diblock copolymer: 30% 14 hPS and SI27/22.
Transmission Electron Microscopy Blends were imaged with
transmission electron microscopy (TEM) to identify the morphology. Bulk
samples were microtomed at low temperatures (approximately -110°C) with
a diamond knife and a Reichert Ultracut microtome with a FC4 cryo
o
temperature attachment. Thin sections, approximately 500 A, were stained
with OSO4 vapors. The sections were examined in the bright field mode
using a JEOL 100CX transmission electron microscope at 100 kV.
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Small Anrle X-rav Scattering The lattice types and parameters of
selected binary blends were determined by small angle x-ray scattering
(SAXS) using Kratky slit collimation. A sealed tube x-ray source with a
copper anode generated the x-rays using an accelerating voltage of 40 kV
and a filament current of 7-10 mA. The incident x-ray beam was Ni filtered
to reduce the CuKp component and produce more monochromatic CuK« x-
rays, X = 1.542 A. The scattered intensities were collected by a Braun
one-dimensional position sensitive detector placed 50 cm from the sample
and were corrected for wire sensitivity and parasitic scattering. The
angular calibration of the SAXS system was accomplished with a duck
tendon sample having a basic repeat distance of 640 A and nine orders of
reflection. This calibration was repeated every three or four days while
data was being collected. Desmeared scattered intensities were obtained by
Vonk's scheme using a computer program originally provided by Vonk and
modified by previous workers at the University of Massachusetts
(Amherst) [4, 11, 12]. Well resolved peaks result upon desmearing from
which the interplanar spacings (dj = l/sj ) and order numbers (i) were
obtained, where Si is the magnitude of the scattering vector at the ith peak.
The multiple interference peaks in the SAXS profile specify a lattice
type and a lattice parameter. Each lattice type exhibits a characteristic
sequence of interplanar distances. The lamellar morphology which is
periodic in one dimension has a single interplanar distance:
dhdam) = aiam / h h = 1, 2, 3, 4, ... (3.1)
where h is the order of the reflection and aiam is the lattice parameter of the
lamellar unit cell or the lamellar domain spacing. The higher order
40
reflections relative to the first reflection are given by dh/di or
dhdarn) / di(lam) = 1.00, 0.50, 0.33, 0.25, ... (3.2)
A hexagonal lattice of cylinders is periodic in two dimensions and has the
following spacings and characteristic spacing ratios:
dhk(hex)
= (4/3)1/2 (h2
h
+hk + k2)l^2 hk = 10, 11, 20, 21, 30, ... (3.3)
dhk(hex) / dio(hex) = 1.00, 0.58, 0.50, 0.38, 0.33 (3.4)
where hk are the Miller indices and ah ex is the lattice parameter of the
hexagonal lattice. The cubic lattice of the ordered bicontinuous double
diamond has interplanar spacings given by
dhkl(obdd) =
(h2 + k2 + 12)1/2
hkl = 110, 111, 200, 211, 220, 221, ... (3.5)
where hkl are the Miller indices of the allowed reflections of the Pn3m cubic
space group and a0bdd is the lattice parameter of the OBDD cubic lattice.
The symmetry of the ordered bicontinuous double diamond morphology is
accurately represented by the Pn3m space group [3, 6]. The ratios of
interplanar spacings relative to the first observed interference peak are
dhkl(obdd) / dno(obdd) = 1.00, 0.82, 0.71, 0.58, 0.50, 0.47, ... (3.6)
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These lattice types can be distinguished by their relative interplanar
spacings given by equations 3.2, 3.4 and 3.6. Once the lattice type is
established, the Miller indices are assigned to each peak in the SAXS
spectrum. All the observed peaks are included in calculating the lattice
parameter by a linear regression method using the experimental
interplanar spacings and the assigned Miller indices. For example, the
linear expression for the cubic lattices is dhkl(cubic) = m(h2 + k2 + l2)-l/2 + D
,
where the y-intercept (b) is ideally zero. In addition to the experimental
values (x,y) = ((h2 + k2 + l2 )-l/2
,
dhki(cubic)), the values (0, 0) were used as a
known limit. The resultant OBDD lattice parameter is given by a0bdd =
dioo = m + b, though the Pn3m lattice does not have an allowed (100)
reflection. Equations 3.1, 3.3 and 3.5 and the lattice parameters are used to
calculate the SAXS peak positions which are indicated by the arrows in the
desmeared SAXS patterns, Shkl' = 1/dhkl'. Good agreement is found
between the observed and calculated peak positions.
Results
The criteria for preparing the OBDD morphology in binary blends
containing a homopolymer and either a lamellar or a cylindrical diblock
copolymer will be presented separately. Comparison will be made with the
OBDD criteria in SB or SI linear diblock copolymers in the limit of strong
segregation: a PS volume percent within 28 - 33% or 62 - 66% and any
molecular weight. The third section describes the intermaterial dividing
surface in lamellar diblock copolymer/ homopolymer blends.
Lamellar Diblock Copolymer and Homopolvmer Blends The ordered
bicontinuous double diamond morphology is observed in a blend of 40%
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17 hPS and SB20/20, Figure 3.1. The homopolystyrene selectively swells the
polystyrene block of the copolymer to induce an order-order transition from
lamellae to the OBDD morphology. The homopolystyrene and the PS blocks
of the copolymer are in the matrix region of the OBDD microstructure,
while the PB blocks of the copolymer are in the channels. The [111]
projection of the OBDD morphology is characterized by light colored spokes
connecting each medium gray spot with its six neighbors when the
minority component is stained as in Figure 3.1. This projection, also
known as the "wagon wheel" projection, is not possible from the other
known morphologies in block copolymer systems. The [111] projection of
the OBDD morphology has been confirmed by comparing a computer
simulated projection and a digitized TEM micrograph [3, 6]. Small angle x-
ray scattering (SAXS) results also identify the OBDD morphology by
exhibiting the expected ratios of interplanar spacings given in Equation 3.6.
The long range order in the binary blends is comparable to that of diblock
copolymers as qualitatively evaluated by visual inspection of the electron
micrographs and by the number and sharpness of the SAXS diffraction
peaks.
The presence of the OBDD morphology depends primarily on the
homopolymer concentration in the blend for a given diblock copolymer.
Figure 3.2 shows micrographs of blends containing 24%, 32%, and 36%
14 hPS and SI27/22, where the morphology changes upon increasing the
homopolymer content from lamellae to the OBDD morphology to cylinders
on a hexagonal lattice. Table 3.2 presents a more complete sequence of
morphologies upon increasing the homopolymer concentration from 20% to
40% 14 hPS in 2% intervals. The OBDD morphology is observed in the range
of 30% to 34% 14 hPS when blended with SI27/22.
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The overall polystyrene volume fraction (<DPS ) of the binary blends
describes the composition range for the OBDD morphology in blends of
lamellar diblock copolymer and homopolymer. The quantity 0>PS includes
the polystyrene block and the homopolystyrene as calculated from the
composition of the diblock copolymer, the homopolymer concentration in
the blend, and the densities of the components. The densities used are
characteristic of 125°C, the annealing temperature, as determined by
Dr. D. Walsh using pressure-volume-temperature measurements:
PPS = 0.999 g/cm3 and pPI = 0.856 g/cm3 [13]. Alternatively, if room
temperature densities are used (pPS = 1.033 g/cm3, pPI = 0.903 g/cm3) the
overall PS volume fraction changes by less than 0.5 PSvol%.
The calculation of 0Ps assumes pure microdomains and narrow
interfaces. DSC results indicate essentially pure phases by a constant Tg of
the PI phase with the addition of 20% homopolymer (2.6 hPS to 37 hPS) to
SI27/22 (see Chapter 2). Interfaces in diblock copolymers are known to be
a
narrow (-20 A) in the strong segregation condition, meaning far from the
microphase separation transition, (%N)crit [14]. The neat diblock
copolymer, SI27/22, is in the strong segregation limit because %N = 32 at
125°C compared to (xN)crit = 10-12 for a lamellar diblock copolymer [4, 15,
16, 17]. The addition of homopolystyrene is not expected to sufficiently
reduce %N to the weak segregation limit. Further justification for the
volumetric calculation of the overall PS volume fraction comes from the
work of Hashimoto et al. with polymer blends having the lamellar
morphology [18]. These authors found good agreement between the PS
layer thickness calculated from a paracrystal analysis of SAXS data and
from a volumetric calculation which assumes pure phases and narrow
interfaces.
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Table 3.2 lists the overall polystyrene volume percents for the
homopolymer concentration series of blends with 14 hPS and SI27/22. (The
biphasic regions observed at 26% and 28% 14 hPS and SI27/22 will be
discussed at the end of this section.) The OBDD morphology is found in the
overall PS volume percent range of 65 - 67 PSvol% for the blend system of
14 hPS and SI27/22. The blend in Figure 3.1 contains 40% 17 hPS and
SB20/20 and has an overall polystyrene volume fraction of 66 PSvol%. The
overall polystyrene composition at which the OBDD morphology appears is
65 - 67 PSvol% for blends of either hPS and SB20/20 or hPS and SI27/22. This
overall PS volume percent range is comparable to that observed for the
OBDD morphology in SI linear diblock copolymers, 62 - 66 PSvol% [4].
The morphology in the binary blends also depends on the molecular
weight of the homopolymer at a fixed homopolymer concentration.
Figure 3.3 shows a homopolymer molecular weight series of blends having
30% homopolystyrene and SI27/22 which corresponds to OpS = 65 PSvol%.
Blends of 30% homopolystyrene and SI27/22 exhibit cylinders on a
hexagonal lattice with Mhps = 2.6 kg/mol and the OBDD morphology with
Mhps = 5.9 or 14.0 kg/mol. The addition of 30% of 30 hPS into SI27/22 swells
the lamellae but does not induce a morphological transition.
Figure 3.4 shows the desmeared SAXS intensities for the blends
shown in Figure 3.3 which have 30% hPS and SI27/22 with increasing
homopolymer molecular weight. The scattering pattern for 30% 2.6 hPS
and SI27/22 indicates cylinders on a hexagonal lattice with a lattice
o
parameter of 451 A and the following hk reflections indicated by arrows: 10,
11, 20, 21 and 30. In this particular case the 11 reflection is suppressed
because it coincides with a minimum in the form factor scattering for
cylinders of radius 141 A. The radius of the cylinders is determined from
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the overall volume fraction of polystyrene in the blend and the lattice
parameter, ahex :
Rcyl = ahex (sin60° (l-Ops)/^) 1^ (3 10)
For blends exhibiting the OBDD morphology the arrows indicate the 110,
111, and 200 reflections for a cubic lattice with double diamond symmetry
(space group Pn3m) and lattice parameters of 584 A at 6 hPS and 632 A at
14. hPS. Finally, the ordered lamellar morphology has a period of 477 A
and the arrows indicate higher order reflections. The third order peak is
suppressed due to the coincidence of a form factor minimum. Table 3.3
lists the lattice types and lattice parameters determined via SAXS for these
and a few additional blends.
The relative homopolymer molecular weight is the ratio of the
homopolystyrene molecular weight and the PS block molecular weight.
More extensive work in binary blends shows the relative homopolymer
molecular weight to be an important parameter (see Chapter 5). The OBDD
morphology is observed in a relative homopolymer molecular weight range
of approximately 0.15 to 1.0 for blends of SI27/22 and hPS. Increasing or
decreasing the homopolymer molecular weight beyond this range induces
an order-order morphological transition to lamellae and cylinders,
respectively.
Blends of a lamellar diblock copolymer and a homopolymer which
have PS as the minority component do not exhibit the OBDD morphology.
Blends of 14% to 34% 7 hPB and SB20/20 have an overall PS volume fraction
range of 29 - 39 PSvol% which overlaps the composition range where the
polydiene rich OBDD morphology is observed in diblock copolymers, 28 -
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33 PSvol%. The relative homopolymer molecular weight of the blends is
0.34, which is within the acceptable range determined for blends of hPS and
SI27/22. However, these blends do not exhibit a single phase OBDD
morphology via electron microscopy. The absence of a single phase OBDD
morphology in polydiene rich blends is also observed in blends of cylindrical
diblock copolymer and homopolymer.
Finally, binary blends of diblock copolymer and homopolymer do not
in general exhibit biphasic regions between the ordered microstructures as
expected for first order phase transitions in binary blends. In the specific
case of 14 hPS and SI27/22 a biphasic region is observed, but is the wrong
type. Blends of 26% or 28% 14 hPS and SI27/22 exhibit both the lamellar and
the cylindrical morphologies as determined by SAXS and TEM, while the
lamellar and the OBDD morphologies are expected, Table 3.2. Small angle
x-ray scattering from the blend 28% 14 hPS and SI27/22 indicates a lamellar
lattice parameter of 444 A and a hexagonal lattice parameter of 513 A.
These SAXS results indicate that the lamellar spacing equals the 10
interplanar spacing of the hexagonal lattice of cylinders. For the same
blend system, 14 hPS and SI27/22, no biphasic region is observed between
the OBDD morphology at 34% and cylinders on a hexagonal lattice at 36%
14 hPS. If the biphasic OBDD and cylindrical morphologies do in fact exist,
the homopolymer concentration range over which it exists is quite narrow
(< 2 wt% hPS).
Another blend system, 7 hPB and SB20/20, exhibits the coexistence of
the OBDD morphology and lamellae at both 18% 7 hPB (37 PSvol%) and 22%
7 hPB (35 PSvol%) as determined by TEM, Figure 3.5. The OBDD
morphology is shown in the "barber poll" projection in this micrograph.
The biphasic region of the OBDD and the lamellar morphologies is not
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observed between single phase regions of the OBDD morphology and the
lamellar morphology, but rather between two lamellar regions at both 14%
7 hPB (39 PSvol%) and 26% 7 hPB (33 PSvol%). We currently have no
explanation for these unexpected results concerning the biphasic regions.
Cylindrical Diblock Copolymers and Homopolymer Blends Blends of
a cylindrical diblock copolymer and a homopolymer produce the ordered
bicontinuous double diamond morphology in certain cases. The OBDD
composition windows determined for linear diblock copolymers can be
accessed either by adding small amounts (< 20%) or large amounts (> 50%)
of homopolymer to the cylindrical domains of a copolymer. For convenience
we will refer to these blends as type I and type II, respectively. Type I
blends would have homopolymer in the diamond channels,while type II
blends would have homopolymer in the matrix of the OBDD morphology.
We have successfully prepared the OBDD morphology in type I blends, but
not in type II blends.
The OBDD morphology exists in type I blends of SB23/10 with hPB
and SI45/12 with hPI. Small amounts of homopolydiene swell the polydiene
cylinders of the copolymer to produce an order-order transition from
cylinders on a hexagonal lattice to the OBDD morphology. The
homopolydiene is confined to the two interpenetrating networks with
diamond symmetry. Blends of 2% or 4% 7 hPB and SB23/10 produce the
OBDD morphology with overall PS compositions of 66 PSvol% and
65 PSvol%, respectively. Since the addition of such a small amount of
homopolymer is sufficient to cause an order-order transition, researchers
should be aware how sensitive the observed microstructure is to
contaminants when investigating diblock copolymers near a volume
fraction boundary between morphologies. Blends of 12%, 14% or 16% 13 hPI
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and SI45/12 also produce the OBDD morphology with overall PS
compositions of 66, 64 PSvol% and 63 PSvol%, respectively. The relative
homopolymer molecular weights are 0.78 for the SB23/10 with 7 hPB system
and 1.07 for the SI45/12 and 13 hPI system. The overall PS volume fractions
and the relative homopolymer molecular weights for blends with the OBDD
morphology are equivalent for type I blends and the blends of lamellar
diblock copolymer and homopolymer discussed previously.
Type I blends fail to produce the OBDD morphology when polystyrene
is the minority component of the blend. Eight blends were prepared with
SI13/34 and various hPS over a range of overall PS volume fractions (31 -
38 PSvol%) and a range of relative homopolymer molecular weights (0.31 to
1.09). Similarly, four blends were prepared with SI13/51 and various hPS
over a range of overall PS volume fractions (31 - 32 PSvol%) and a range of
relative homopolymer molecular weights (0.31 - 1.09). These type I blends
have overall PS compositions within the range for the polydiene rich OBDD
morphology in linear diblock copolymers and have relative homopolymer
molecular weights within the suggested range. However, none of these
twelve blends exhibit a single phase of the OBDD morphology, but rather
show cylinders, macrophase separation or biphasic separation. As in the
blends of a lamellar diblock copolymer and a homopolymer, the OBDD
morphology is only observed with polystyrene as the majority component in
type I blends.
An "inverted" or "inside-out" morphology is a blend morphology in
which the majority component of the blend is the minority component of the
diblock copolymer. The blend and the diblock copolymer may or may not
have the same type of morphology. If the minority component of a diblock
copolymer is highly swollen and the blend maintains long range order an
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inverted phase is observed. Type II blends, which have a large amount of
homopolymer added to the cylindrical or minority domains of the diblock
copolymer, require an inverted morphology to form the OBDD morphology.
Every attempt to prepare the OBDD morphology from type II blends failed:
54% 4 hPS and SI13/34, 54% or 60% 6 hPS and SI13/34, 58% 4 hPS and
SI13/51, 58% 6 hPS and SI13/51, and 60% 17 hPS and SB10/23. These blends
have an overall PS volume fraction range of 63 - 69 PSvol% and a relative
homopolymer molecular weight range of 0.31 to 0.59 which are appropriate
for the OBDD morphology in other binary blends. However, all the type II
blends macrophase separate typically into domains of polystyrene and
domains of lamellae. The presence of lamellae in the above blends
indicates that a portion of the homopolymer has blended with the diblock
copolymer to induce an order-order transition from cylinders in the neat
diblock copolymer to lamellae in the binary blends. The cylindrical diblock
copolymer is unable to form an inverted OBDD morphology upon the
addition of homopolymer. Macrophase separation occurs when a large
amount of homopolymer is added to the cylindrical domains of a diblock
copolymer, e.g. a type II blend. The absence of inverted phases will be
discussed more fully in the discussion section.
Mean Curvature and Area per Copolymer Junction The
intermaterial dividing surface in microphase separated binary blends can
be characterized by the mean curvature and the average area per
copolymer junction at the PS-PI interface. The mean curvature, H, is the
average of the two principal curvatures where each principal curvature is
the inverse of a principal radius. The average area per junction, oj, is the
area of the PS-PI interface divided by the number of diblock copolymers
which span the PS-PI interface. The assumptions of pure phases and
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narrow interfaces made with respect to Ops also apply to H and oj. A
surface of constant mean curvature has the same mean curvature value at
every point on the surface and minimizes the surface area for a set of
symmetry constraints and a fixed volume fraction. The mean curvature
calculated here is assumed to be constant over the entire surface. A
constant mean curvature surface is clearly an appropriate description for
long cylinders of uniform diameter and for lamellae. Since the constant
mean curvature surface developed by Anderson agrees well with the
experimental OBDD interface, the interfaces of the OBDD morphology are
assumed to have constant mean curvature [6].
The mean curvature and the area per junction for lamellae and for
cylinders on a hexagonal lattice were determined analytically from the
overall PS volume fraction and the lattice parameter:
Hlam = 0 (3.H)
2Mpi
°j lam = —: — (3.12)
aiam (1-Ops) ppi Nav
Hcy i =^ (3.13)
2Mpi
Rcyl PPI Nav
where Mpi is the molecular weight of the PI block of the copolymer, aiam is
the lamellae period from SAXS, ppi is the density of the PI phase, Nav is
Avogadro's number, and Rcyi is given by Equation 3.10 above. Mpi is
constant at 22,100 g/mol for the blends containing SI27/22.
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H and oj were not calculated directly from aobdd and Ops for the
OBDD morphology. Anderson et al. model the constant mean curvature
surface of a single diamond structure using a finite element method [6].
The authors relate the volume fraction of a single diamond channel to the
dimensionless mean curvature of the interface (H*) and the dimensionless
interfacial area per unit cell (S*); these results were presented graphically
in their paper. The mean curvature (Hobdd ) and interfacial area per unit
cell (Sobdd) of the double diamond microstructure were calculated using
Hobdd = (3.15)
Sobdd = S* a0bdd2 (3.16)
where a0bdd is the lattice parameter of the double diamond cubic lattice.
The interfacial area per copolymer junction on the PS-PI interface, Oj 0bdd,
was calculated by dividing S0bdd by the number of PI blocks in a unit cell:
Sobdd Mpi
°j obdd = n (3 - 1? )aOBDD (1-<I>PS) PPI Nav
Table 3.3 summarizes the values of H and aj for selected binary
blends of hPS and SI27/22. Increasing the homopolymer concentration
from 30% to 34% increases H by 13% and increases the area per junction by
9% while maintaining the OBDD morphology. The mean curvature of the
PS-PI interface increases dramatically with decreasing homopolymer
molecular weight from 30 hPS to 2.6 hPS which coincides with the
order-order transitions from lamellae (H = 0 urn-1 ) to the OBDD (H = 26,
52
24 jim-l) to cylinders (H = 36 um-1). The trends in H and oj will be
discussed with respect to athermal mixing of homopolystyrene and
spatially constrained PS blocks.
Discussion and Conclusions
The occurrence of the ordered bicontinuous double diamond
morphology in binary blends depends on the overall composition of the
blend, the morphology of the pure diblock copolymer, and the homopolymer
molecular weight. The overall polystyrene volume fractions at which the
OBDD microstructure is observed vary slightly between specific blend
systems, but in general an OBDD morphology is observed between
64 PSvol% and 67 PSvol%. The OBDD morphology is not observed with
polystyrene as the minority component using either a lamellar or a
cylindrical diblock copolymer. The OBDD morphology in binary blends has
homopolymer in the matrix when using a lamellar diblock copolymer or
homopolymer in the diamond channels when using a cylindrical diblock
copolymer (type I blends). Macrophase separation occurs when attempting
to produce an inverted OBDD morphology with a cylindrical diblock
copolymer and a large amount of homopolymer (type II blends). The
relative homopolymer molecular weight range is 0.15 to 1.00 for obtaining
the OBDD morphology in blends of a lamellar diblock copolymer (SI27/22)
and homopolystyrene. Blends of cylindrical diblock copolymer and
homopolydiene are found to produce the OBDD morphology at
Mhps/Mps block = 0.78 or 1.07. The general requirements for forming the
OBDD morphology in binary blends follow:
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(1) The overall PS composition of the blend should be rich in
polystyrene: 64 - 67 PSvol%.
(2) Prepare the blend using a lamellar diblock copolymer or
a type I blend using a cylindrical diblock copolymer.
(3) The homopolymer (hA) molecular weight should be
approximately 15 - 110% of the A block molecular weight.
A qualitative description of swelling the PS blocks with homopolymer
arises from the SAXS studies of binary blends containing SI27/22 and hPS.
The lamellar morphology of the diblock copolymer, SI27/22, indicates
comparable volumes for the PS and PI blocks. In contrast, highly swollen
PS blocks have a larger effective volume than unswollen PI blocks of the
copolymer, where the effective volume includes the volume of the PS block
and the volume of hPS which mixes with that PS block. The mismatch in
the effective volumes of the PS and PI blocks of the copolymer influences the
PS-PI interface and the shape of the PI aggregate. A similar argument is
given for shape changes in surfactant or lipid systems; as the effective size
of the head group (hydrophilic) increases relative to the tail group
(hydrophobic) a shape transition is observed from planar bilayers to
cylinders to spherical micelles [19].
We have described the PS-PI interface of binary blends by the mean
curvature (H) as calculated from the lattice parameter and the overall PS
volume fraction. A larger mismatch between the effective size of the PS and
PI blocks results in a larger H indicating a more highly curved
intermaterial dividing surface. Increasing the concentration of the
homopolymer, 14 hPS, increases the mean curvature, Table 3.3.
Independent of the observed morphology, decreasing the homopolymer
molecular weight also increases H at a homopolymer concentration of
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30% hPS (65 PSvol%), Table 3.3. These increases in the mean curvature of
the PS-PI interface indicate an increase in the degree of swelling in the PS
blocks of the copolymer. Consequently, the trends in H indicate that
increasing the homopolymer concentration or decreasing the homopolymer
molecular weight increases the extent to which PS blocks of the copolymer
are swollen by hPS. Note that this mixing behavior is entropically driven,
because there is no enthalphic interaction between the hPS and the PS
block.
Another measure of PS block swelling is the area per copolymer
junction (oj). Increasing the homopolymer concentration from 30% to 34%
14 hPS increases oj (see Table 3.3) indicating an increase in the extent of
swelling in the PS blocks of the copolymer within the OBDD morphology.
Decreasing the homopolymer molecular weight from 14,000 to 5,900 g/mol
also increases gj for OBDD morphology. Shorter homopolymer molecules
induce more lateral swelling than larger homopolymer molecules due to
greater penetration into the spatially restricted PS blocks. This
homopolymer molecular weight trend, increasing aj with decreasing
MhPS. of Gj is not consistent for all the observed morphologies at 30% hPS in
the homopolymer molecular weight range studied. The degree of athermal
mixing between the hPS and the PS blocks increases upon increasing
homopolymer concentration in the blend or decreasing homopolymer
molecular weight as evidenced by an increase in the mean curvature for all
the morphologies presented and an increase in the area per junction for the
OBDD morphology only.
Type II blends do not successfully prepare the OBDD morphology due
to the limit in block swelling and the absence of an inverted phase.
Homopolymer can be added to the cylindrical domains of a diblock
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copolymer until a lamellar morphology is formed, in general. Eventually,
the homopolymer (hA) is expelled from the microstructure to form a
macrophase separated state at the miscibility limit of the A block and
"inside-out" micelles are not observed. Inside-out or inverted morphologies
require the short block of the copolymer to swell to such an extent that its
effective volume is larger than that of the unswollen long block of the
copolymer. The swelling of the short blocks is promoted by the favorable
entropy of mixing between the short blocks and the homopolymers, while
the swelling is limited by the unfavorable chain stretching of the short
blocks. Similar free energy balances have been used to theoretically
describe homopolymer mixing in the corona region of copolymer spherical
micelles and solvent swelling in gels [20, 21]. The presence of lamellae
implies that the short block swells sufficiently to have comparable effective
volumes for the short and long blocks. Greater swelling of the short block is
limited by unfavorable chain stretching, therefore additional homopolymer
is not incorporated into the fully swollen short block. The maximum
swelling of the short block by homopolymer coincides with the
homopolymer solubility limit in the diblock copolymer at a fixed
temperature. Sadron and Gallot have reported inverted phases for a
cylindrical diblock copolymer and solvents selective for the cylindrical
domains [22]. These results indicate a greater solubility range for a
selective solvent molecule than a selective homopolymer molecule, as
expected. Solubilization of a homopolymer in a diblock copolymer is
severely limited when the homopolymer is selective for the minority
component or the short block of the copolymer. The generalization which
predicts macrophase separation only when the relative homopolymer
molecular weight is greater than one is proven inadequate by the above
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blends. Homopolymer solubility depends on the composition of the
copolymer as well as the relative homopolymer molecular weight.
This study establishes the presence of the OBDD morphology in
binary blends of a lamellar or cylindrical diblock copolymer and a
homopolymer. The versatile blend morphology is controlled by the
homopolymer concentration, the composition of the diblock copolymer, and
the homopolymer molecular weight,
. The mean curvature of the
intermaterial dividing surface and the area per copolymer junction provide
a useful measure of the response in the diblock copolymer due to the
addition of homopolymer. In particular, the extent of entropic mixing
between the blocks of the copolymer and the selective homopolymers is
inferred from the mean curvature and the area per junction.
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Table 3.1
Characteristics of the Poly(styrene-b-isoprene) and
Poly(styrene-b-butadiene) Diblock Copolymers.
Label Mn(PS)
(g/mol)
PSwWc MorphologyMr ©•/
SI 27/22 26,600 55% i-idlllcllclc
SI 13/34 12,900 28% Cylinders of PS
SI 13/51 12,800 20% Cylinders of PS
SI 45/12 45,300 79% Cylinders of PI
SB 20/20 20,500 50% Lamellae
SB 10/23 10,200 30% Cylinders of PS
SB 23/10 22,200 71% Cylinders of PB
eo
Table 3.2
Homopolymer Concentration Series in Blends of 14 hPS and SI27/22.
wt%hPS Morphology 0 PS
20% Lamellae 60 %
22% Lamellae 61%
24% Lamellae 62%
26% Lamellae & Cylinders 63%
28% Lamellae & Cylinders 64%
30% OBDD 65 %
32% OBDD 66%
34% OBDD 67%
36% Cylinders 68%
38% Cylinders 69%
40% Cylinders 70%
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Table 3.3
Binary Blends of SI 27/22 and Various hPS:
Homopolymer Concentration and Homopolymer Molecular Weight
Dependences of the Morphology, Mean Curvature (H)
and Area per Copolymer Junction (a,).
wt%hPS hPS Morphology 0 PS a H ° j
o
(A) (Hm-l) (A2)
30% 14 hPS OBDD 65% 632 24 582
32% 14 hPS OBDD 66% 609 26 612
34% 14 hPS OBDD 67% 600 27 633
30% 30hPS Lamellae 65% 477 0 511
30% 14hPS OBDD 65% 632 24 582
30% 6hPS OBDD 65% 584 26 630
30% 2.6 hPS Cylinders 65% 451 36 610
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Figure 3.1 : Transmission electron micrograph of the OBDD morphology
([111] projection) in a binary blend containing a lamellar
diblock copolymer and homopolymer: 40% 17 hPS and SB 20/20.
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Figure 3.2 : Transmission electron micrographs showing the
homopolymer concentration dependence of the morphology in
blends of 14 hPS and SI27/22. a.) 24%, lamellae; b.) 32%, the
OBDD morphology; c.) 36%, cylinders on a hexagonal lattice.
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Figure 3.3 : Transmission electron micrographs showing the
homopolymer molecular weight dependence of the morphology
in blends of 30% hPS and SI27/22. a.) 2.6 hPS, cylinders on a
hexagonal lattice; b.) 6 hPS, the OBDD morphology; c.) 14 hPS,
the OBDD morphology; d.) 30 hPS, lamellae.
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Fi grure 3.4 : Desmeared small angle x-ray scattering intensities as a
function of the scattering vector for blends of 30% hPS with
various homopolymer molecular weights and SI27/22. a.)
2.6 hPS, cylinders on a hexagonal lattice; b.) 6 hPS, the OBDD
morphology; c.) 14 hPS, the OBDD morphology ; d.) 30 hPS,
lamellae. Arrows mark the allowed reflections. The intensity
curves are offset vertically for legibility.
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Figure 3.5 : Transmission electron micrograph of the binary blend 22%
7 hPB and SB20/20 which exhibits the coexistence of lamellae
(left) and the OBDD morphology (right).
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CHAPTER 4
ORDER-ORDER TRANSITIONS
Introduction
Samples with nonperiodic, poorly defined morphologies pervade the
literature about blends containing copolymers. Blends containing block
copolymers specifically have somewhat better defined morphologies, but
special attention must be given to the polymer quality and sample
preparation. For the specific case of blends containing a diblock copolymer
(AB) and a selective homopolymer (hA), homopolymer solubility was the
primary focus of early experimental investigations [1, 2, 3]. Mechanical
properties as a function of sample preparation were also studied for AB/hA
blends [4, 5, 6, 7, 8]. The morphologies of ordered and disordered spherical
micelles were extensively studied in well defined binary blend systems [9,
10, 11]. Kinning's paper primarily about spherical micelles also reports
one sequence of ordered morphologies from lamellae to cylinders on a
hexagonal lattice to spheres on a cubic lattice as the homopolymer
concentration was increased [11]. Hashimoto et al. also reported quite
recently the same sequence of ordered morphologies as the hA
concentration was increased in AB/hA blends [12]. These researchers
found the morphology to depend on the homopolymer molecular weight
only at 50 wt% hA.
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This chapter presents four morphologies with long range order
which were obtained by careful preparation of blends containing a
well-characterized lamellar poly(styrene-b-isoprene) diblock copolymer (SI)
and various homopolystyrenes (hPS). The ordered morphologies are
lamellae, the ordered bicontinuous double diamond morphology, cylinders
on a hexagonal lattice, and spheres on a cubic lattice. The addition of hPS
dramatically changes the symmetry and shape of the periodic structure
from that in the neat lamellar SI diblock copolymer while maintaining long
range order. The affect of homopolymer concentration and homopolymer
molecular weight on the equilibrium morphology is studied.
The ordered morphologies in the binary blends are characterized
here by three parameters: the overall polystyrene composition, the mean
curvature of the PS-PI interface, and the area per copolymer junction. The
overall polystyrene composition is compared with the composition
dependence of the morphologies in neat SI diblock copolymers. The mean
curvature quantifies the degree to which the initially planar intermaterial
dividing surface of the lamellar diblock copolymer is perturbed by the
presence of homopolystyrene. The changes in the area per junction
illustrate the lateral spreading (e.g. parallel to the PS-PI interface) of the
diblock copolymer molecules necessary to accommodate the homopolymer.
These three parameters facilitate the discussion of polymer chain
conformations and polymer chain mixing in the athermal blend of a
selective homopolymer and a lamellar diblock copolymer.
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Experimental Methods
Materials The poly(styrene-b-isoprene) diblock copolymer was
synthesized and characterized by Dr. L. J. Fetters of Exxon Research and
Engineering Company. The anionic polymerization was initiated with
purified sec-butyllithium in a benzene/cyclohexane mixture (10/90 v/v) at
30°C using a high vacuum technique [13]. The polystyrene block (PS) was
polymerized first after which an aliquot was removed for characterization.
A Waters 150C size exclusion chromatograph (SEC) calibrated with
polystyrene standards was used to determine the molecular weight and the
polydispersity index of the PS block: Mn = 26,600 g/mol, Mw/Mn = 1.02.
Isoprene monomers were subsequently added to the reaction mixture and
the resulting polyisoprene block (PI) has an approximate microstructure
distribution of 70% ds-1,4, 24% trans-1,4, and 6% 3,4 addition. The molar
composition and the polydispersity index (< 1.05) of the completed diblock
copolymer were measured with a 400 MHz XH NMR and by SEC,
respectively. The number average molecular weight of the PI block (22,100
g/mol) and the PS weight percent (55 PSwt%) were calculated from the PS
block molecular weight and the molar composition. The diblock copolymer
used in this study is labeled SI27/22 where the numbers refer to the
molecular weights of polystyrene and polyisoprene blocks given in kg/mol.
The homopolystyrenes (hPS) were purchased from Pressure
Chemical Company and characterized by Dr. L. J. Fetters. The
homopolystyrenes used in this study have the following number average
molecular weights and polydispersity indices as determined by SEC:
2,600 g/mol (1.11), 5,900 g/mol (1.08), 14,000 g/mol (1.02) and 30,100 g/mol
70
(1.02). The homopolystyrenes are designated by their approximate
molecular weights given in kg/mol followed by hPS: 2.6 hPS, 6 hPS, 14 hPS,
and 30 hPS. Prior to use the polystyrene homopolymers were treated at
160°C under vacuum for 30 minutes to remove residual solvent, styrene
monomer, dimers and oligomers. During this procedure the material
foamed.
Blend Preparation The protocol for blend preparation was designed
to reproducibly prepare bulk binary blends at thermodynamic equilibrium
characteristic of the annealing temperature, 125°C. Blends were prepared
by solvent casting and annealing. A 3 wt% polymer solution was prepared
in toluene which is a nonselective solvent for polystyrene and polyisoprene.
The solution was placed in a glass casting dish which had been coated with
the mold release agent dichlorodimethylsilane. The solvent slowly
evaporated in 7 to 10 days at room temperature to form a ~1 mm thick
sample. The blend was dried (2 weeks at 40°C) and annealed (1 week at
125°C) in a vacuum oven. The casting dish with the sample was removed
from the oven and quenched in liquid nitrogen to end the heat treatment.
Blends are identified by the homopolystyrene concentration in the blend
given in weight percent and the homopolystyrene: 40% 14 hPS. These two
parameters fully define the blend because the diblock copolymer (SI27/22)
and annealing temperature (125°C) remain constant. Table 4.1 lists the
twenty-one blends prepared for this study.
Transmission Electron Microscopy Blends were imaged with
transmission electron microscopy (TEM) to confirm the morphology used
for the SAXS analysis. Bulk samples were microtomed at low temperature
(approximately
-110°C) with a diamond knife and a Reichert Ultracut
microtome with a FC4 cryo temperature attachment. Thin sections,
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approximately 500 A, were stained with Os04 vapors. The sections were
examined in the bright field mode using a JEOL 100CX transmission
electron microscope at 100 kV.
Small Anple X-ray Scattering The lattice types and parameters of the
binary blends were measured by small angle x-ray scattering (SAXS) using
Kratky slit collimation. The x-rays were generated by a sealed tube x-ray
source with a copper anode using an accelerating voltage of 40 kV and a
filament current of 7 to 10 mA. A Ni filter was used to reduce the CuKp
component and produce monochromatic CuK^ x-rays, X = 1.542 A. The
scattered intensities were collected by a Braun one-dimensional position
sensitive detector placed 50 cm from the sample and were corrected for wire
sensitivity and parasitic scattering. The angular calibration of the SAXS
system was accomplished with a stained duck tendon sample having a
repeat distance of 640 A and nine orders of reflection. This calibration was
repeated every three or four days while data was being collected.
Desmeared scattered intensities were obtained by Vonk's scheme using a
computer program originally provided by Vonk and modified by previous
workers at the University of Massachusetts (Amherst) [14, 15, 16].
Well-resolved peaks were obtained upon desmearing from which the
interplanar spacings (di = 1/sj ) and order numbers (i) were obtained,
where sj is the magnitude of the scattering vector of the ith peak.
The multiple interference peaks in the SAXS profile specify a lattice
type and a lattice parameter. The lamellar, hexagonal and three cubic
lattices are considered here since these lattices have been identified in block
copolymer systems. Each lattice type exhibits a characteristic sequence of
interplanar distances. The lamellar morphology which is periodic in one
dimension has a single interplanar distance which produces multiple
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reflections:
dh(lam) = aiam / h h = 1, 2, 3, 4, (4.1)
where h is the order of the reflection and aiam is the lattice parameter of the
lamellar unit cell or the lamellar domain spacing. The higher order
reflections relative to the the first order reflection are given by dh/di or
dh(lam) / di(lam) = 1.00, 0.50, 0.33, 0.25,... (4.2)
A hexagonal lattice of long cylinders has the following interplanar
spacings and higher order spacings relative to the first order spacing
dhk(hex) = (4/3)172 (h^+hk + V)™ hk = 10 ' U » 20 ' 21' 30"" (4 '3)
dhk(hex) / dio(hex) = 1.00, 0.58, 0.50, 0.38, 0.33,... (4.4)
where hk are the Miller indices and ahex is the lattice parameter of the
hexagonal lattice. The three cubic lattices of interest have interplanar
spacings given by
j , i • >. acubic
dhkl(cubic) =
(h2 + k2 + 12)1^2
for simple cubic hkl = 100, 110, 111, 200, 210, 211, 220, 300,... (4.5a)
for body-centered cubic
hkl = 110, 200, 211, 220, 310, 222, 321, 400,... (4.5b)
for Pn3m cubic hkl = 110, 111, 200, 211, 220, 221, 310, 311,... (4.5c)
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where hkl are the Miller indices of the allowed reflections of the cubic
lattices and acubic is the lattice parameter. The space groups for the simple
cubic lattice and the body-centered cubic lattice are Pm3m and Im3m,
respectively. Spherical micelles have been observed with simple cubic
symmetry in diblock copolymer/ homopolymer blends [11, 17] and
body-centered cubic symmetry in diblock copolymers [18, 19]. Note that
Koizumi et al. have acknowledged a miscalculation in their paper [20]; the
corrected, volumetric interpretation of their SAXS data is a simple cubic
lattice of spherical micelles in a binary blend of a diblock copolymer and a
homopolymer. The ordered bicontinuous double diamond morphology is
accurately represented by the Pn3m space group [21, 22]. The ratios of
interplanar spacings relative to the first observed interference peaks are
dhkl(sc) / dioo(sc) = 1.00, 0.71, 0.58, 0.50, 0.45, 0.41,0.35, 0.33,...
(4.6a)
dhkl(bcc) / dno(bcc) = 1.00, 0.71, 0.58, 0.50, 0.45, 0.41, 0.38, 0.35,...
(4.6b)
dhkl(obdd) / dno(obdd) = 1.00, 0.82, 0.71, 0.58, 0.50, 0.47, 0.45, 0.43,...
(4.6c)
The observed lattice type can be identified by the relative interplanar
spacings given by 4.2, 4.4, and 4.6, however the simple cubic and
body-centered cubic lattices require seven well-developed peaks to be
distinguished. Such high order peaks are not observed in block copolymer
systems. Thus, the simple and body-centered cubic lattices for spheres are
indistinguishable by this method of small angle x-ray scattering analysis.
An additional volumetric calculation using the first interference peak and
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the radius of the sphere as determined by the form factor scattering did not
clearly identify the cubic lattice type of the ordered spherical micelles.
However, for the purposes of this study it is sufficient to interpret the SAXS
results from spherical micelles twice, first according to a simple cubic
lattice and secondly according to a body-centered cubic lattice.
The Miller indices are assigned to each peak in the SAXS pattern
once the lattice type is established. All the observed peaks are included in
calculating the lattice parameter by a linear regression method using the
experimental interplanar spacings and the assigned Miller indices. For
example, the linear expression for the cubic lattices is dhkl(cubic) = m(h2 +
k2 + ]2)- 1/2 + b, where the y-intercept (b) is ideally zero. In addition to the
experimental values (x,y) = ((n2 + k2 + 12)' 1/2, dhki(cubic)), the values (0, 0)
were used as a known limit. The resultant cubic lattice parameter is given
by
^cubic = dioo = m + b, though only the simple cubic lattice has an allowed
(100) reflection. Equations 4.1, 4.3 and 4.5 and the lattice parameters are
used to calculate the SAXS peak positions, shkl = 1/dhkl'- Good agreement
is found between the observed and calculated peak positions. Table 4.1
summarizes the lattice parameters of the ordered morphologies in binary
blends of SI27/22 and hPS.
Results
Ordered morphologies depend on the homopolymer concentration
and the homopolymer molecular weight in blends of a diblock copolymer
and a homopolymer. Figure 4.1 shows the versatility which is accessible in
the blend system, SI27/22 and 6 hPS, by simply increasing the homopolymer
concentration. Four morphologies with long range order occur
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sequentially as the homopolymer content increases: lamellae, the ordered
bicontinuous double diamond (OBDD) morphology, cylinders on a
hexagonal lattice and spheres on a cubic lattice. Three order-order
transitions from one ordered phase to another are found: lamellae to the
OBDD morphology, the OBDD morphology to the cylinders, and cylinders to
spheres. At still larger homopolymer concentrations (80% and 90% hPS)
disordered spherical micelles are observed. The disordering transition is
caused by the screening of the corona-corona interactions between the
micelles.
Increasing the homopolymer concentration in a blend produces a
different sequence of ordered morphologies at lower and higher
homopolymer molecular weights. Consider the blends of 2.6 hPS, 14 hPS or
30 hPS with SI27/22, Table 4.1. The blends containing 2.6 hPS exhibit
lamellae (10-20% hPS), cylinders (30-50% hPS), and spheres (60% hPS),
while blends with 14 hPS exhibit lamellae (10-20%), the OBDD morphology
(30%), cylinders (40-50%), and then disordered cylindrical micelles at
60% hPS. No order-order transitions are observed in the blend system of
30 hPS and SI27/22 which displays ordered lamellae up to 30% hPS and
displays a mixture of disordered lamellar micelles and disordered
cylindrical micelles at 40% hPS. Blends of 2.6 hPS and SI27/22 lose long
range order at -70% hPS and while blends of 30 hPS and SI27/22 lose long
rang order -40% hPS. Kinning et al. found the coronas of disordered
micelles are thinner in the presence of higher molecular weight
homopolymer [11]. Consequently, a lower homopolymer concentration of
30 hPS is required to screen the corona-corona interactions and spatially
disorder the micelles than in blends with 2.6 hPS. The disordering
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transition is discussed more fully in Chapter 5 in the context of morphology
diagrams.
The spherical micelles are clearly ordered on a cubic lattice in
diblock copolymer/ homopolymer blends, Figure 4.1d. A previous
investigation with blends of a lamellar SB and hPS by Kinning et al.
determined that the spherical micelles are on a simple cubic lattice via a
volumetric calculation using the known sample composition, the first
SAXS interference peak and the radius of the sphere from the form factor
scattering [11]. Koizumi et al. recently reported the presence of a
body-centered cubic lattice in a binary blend of a SI with PI spheres and hPS
using the same SAXS analysis [17]. We detected an error in this paper.
The correct volumetric calculation indicates a simple cubic lattice in their
binary blend. Upon notification Koizumi et al. have acknowledged their
miscalculation and agree with our interpretation of their results [20]. The
scattering results for our blends do not definitively determine the cubic
lattice type of the spherical micelles. A more complete SAXS analysis
using a paracrystal scattering model which considers the peak intensities
and widths as well as the peak positions is required to establish the type of
cubic lattice.
The order-order transitions encountered here are expected to be first
order phase transitions characteristic of two component systems. First
order transitions contain two morphology or biphasic regions between the
single phases of ordered morphologies. Such characteristic biphasic
regions have not been observed, though biphasic regions containing
morphologies that do not correspond to the morphologies of the adjacent
ordered morphologies have been found (see Chapter 3 and 5 for further
details).
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Overall Polystyrene Composition The overall polystyrene volume
fractions of the binary blends are calculated for comparison with the
order-order transitions in neat diblock copolymers. Pure microdomains
and narrow interfaces are assumed here to permit the calculation of the
overall blend composition. The overall polystyrene volume fraction, <DPS ,
includes the homopolystyrene and the polystyrene block of the copolymer.
The homopolymer content in the blend, the composition of the copolymer,
and the polymer densities are used to calculate 0PS ; the results are
presented in Table 4.1. The densities used are characteristic of 125°C, the
annealing temperature, as determined by Dr. D. Walsh using pressure-
volume-temperature measurements: pps = 0.999 g/cm3 and
PPI = 0.856 g/cm3 [23],
Lamellae are always observed in blends of SI27/22 and hPS with
overall PS volume percents of 51 PSvol% to 60 PSvol% which corresponds to
0% to 20% hPS, Table 4.1. The lamellar morphology is experimentally
observed in SI diblock copolymers between 33 PSvol% and 62 PSvol% in the
strong segregation limit [16]. The overall PS composition is 65 PSvol% in
the two blends which exhibit the OBDD morphology: 30% 6 hPS and
30% 14 hPS. The PS rich OBDD morphology is observed in SI diblock
copolymer at 62 - 66 PSvol% which agrees with the observed blend
composition. Cylinders of polyisoprene on a hexagonal lattice are present
in the blends with 70 PSvol% and 75 PSvol% (40% and 50% hPS), while the
composition range for PI cylinders in neat SI diblock copolymers is
66 - 77 PSvol%. If an ordered morphology persists in blends with still
higher homopolymer concentration, spheres of polyisoprene on a cubic
lattice occur with 79 PSvol% and 85 PSvol% (60% and 70% hPS) which
agrees with the composition range over which neat SI copolymers exhibit
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PI spheres (>77 PSvol%). The overall PS volume fractions at which
lamellae, OBDD morphology, cylinders, and spheres are observed in blends
of SI27/22 and hPS are within the composition ranges determined for neat
SI diblock copolymers having the same morphology. Therefore, the overall
composition of an ordered blend is generally sufficient to predict the
morphology. The desired blend morphology is readily obtained by blending
a lamellar diblock copolymer with the appropriate amount of homopolymer
so as to give an overall blend composition appropriate to the desired ordered
morphology.
Of the twenty-one blends presented in Table 4.1, only two blends do
not obey the above general statement. Blend 30% 2.6 hPS exhibits cylinders
on a hexagonal lattice and blend 30% 30 hPS exhibits lamellae. Both of
these blends have an overall PS composition of 65 PSvol% which is within
the narrow composition range for the OBDD morphology in SI diblock
copolymers (62 - 66 PSvol%) [16]. This homopolymer molecular weight
dependence of the ordered morphologies is uniquely observed at 30% hPS
and SI27/22. However, the overwhelming evidence clearly support the
claim that the type of ordered morphology is a diblock copolymer/
homopolymer blend is determined by the overall blend composition.
Mean Curvature of the PS-PI Interfax The mean curvature
describes in part the interface between the PS and PI components which is
considered an intermaterial dividing surface. A principal radius is
perpendicular to a surface and traces an arc that perfectly coincides with a
surface element. Two principal radii, Ri and R2, are necessary to fully
describe a surface element. The inverse of these principal radii are the
principal curvatures and the average of the two principal curvatures is the
mean curvature, H. A surface of constant mean curvature has the same
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mean curvature value at every point on the surface and minimizes the
surface area for a fixed volume fraction within a set of symmetry
constraints. A constant mean curvature surface is clearly an appropriate
description for a surface with constant principal radii: lamellae (Rj = R2 =
~), long cylinders (Rj = ~ R2 = Rc)> and spheres (Ri = R2 = Rg)j where ^
and Rs are the radii of the cylindrical and spherical domains of PI,
respectively. Since the constant mean curvature surface developed by
Anderson agrees quite well with the experimentally observed OBDD
morphology, the OBDD interface is considered a surface of constant mean
curvature though the principal radii are not constant [21].
The lattice parameters determined via SAXS and the blend
compositions listed in Table 4.1 are used to calculate the mean curvature in
the binary blends. The assumptions of pure phases and narrow interfaces
made with respect to Ops also apply to H. The mean curvatures for
lamellae (Hi), cylinders (Hc ) and spheres (H s ) are determined analytically:
Hi =0 (4.7)
tt 1_ _ 1 / K U/2
"c
-
2 Rc = 2 ahex * sin60o (1-0PS )
} (4<8)
1 1 / 4it \l/3H s(sc) = r-— = — ( —— - ) (4.9)
-^s(sc) a sc 3 (l-Ops)
Hs(bcc) = = jf- ( : )
1/3
(4.10)
-^slbcc) abcc 3 (1-Ops)
where ahex> ^sc and abcc are the hexagonal, simple cubic and body-centered
cubic lattice parameters, respectively. Note that for the ordered spherical
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morphology, the mean curvature is calculated assuming either a simple
cubic (Hs(sc) ) or a body-centered cubic lattice (Hs(bcc) ); the trends we will
discuss are independent of the specific cubic lattice type. The mean
curvature is calculated differently for the OBDD morphology. Anderson
et al. model the constant mean curvature surface of a single diamond
structure (Fd3m) using a finite element method [21]. The model relates the
volume fraction of a single diamond channel to the dimensionless mean
curvature of the interface (H*); these results are presented graphically in
their paper. The mean curvature (Hobdd ) of a double diamond
microstructure is calculated by
Hobdd = H* / (2 a0bdd) (4.11)
where a0bdd is the lattice parameter of the double diamond (Pn3m) cubic
lattice.
Figure 4.2 presents the mean curvature values as a function of
homopolymer concentration for four homopolymer molecular weights. The
labels on the plot indicate the ordered morphology of the blends and the
particular lattice assumed in the case of ordered spheres. Adding
homopolystyrene to the lamellar diblock copolymer produces a more curved
intermaterial dividing surface thus increasing H. Large, step increases
(> 25 urn-1 ) in H occur at three of the four types of the order-order
transitions induced by increasing the homopolymer concentration:
lamellae to double diamond, lamellae to cylinders and cylinders to spheres.
For example, the mean curvature increases from 0 to 36 urn-1 between
blend 20% 2.6 hPS exhibiting lamellae and blend 30% 2.6 hPS exhibiting
cylinders. A smaller increase occurs for the order-order transition from
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the OBDD morphology to the cylindrical morphology upon increasing the
homopolymer concentration.
In addition to the large changes in H accompanying the order-order
transitions, the cylindrical and double diamond morphologies exhibit an
increase in H within the ordered morphology as the homopolymer content
increases. The PI cylinders in blend 30% 2.6 hPS have a mean curvature of
36 um-l, while the cylinders in blend 50% 2.6 hPS have a mean curvature of
42 um-l. ^ increase in H from 24 to 27 urn"1 occurs for the OBDD
morphology in blends of 30% to 34% 14 hPS, see Table 3.3. The increase in
homopolymer concentration does not alter the mean curvature of the PI
spheres. The separation between the PI spheres increases with the
addition of hPS as evidenced by a larger lattice parameter in blend
70% 6 hPS than in blend 60% 6 hPS regardless of the assumed lattice. The
PS blocks of the copolymers appear to be saturated so that additional
homopolymer cannot influence the PS-PI interface. The mean curvatures
of the lamellar morphologies are obviously unchanged as the homopolymer
concentration increases.
Decreasing the homopolymer molecular weight at a fixed
homopolymer concentration produces a more curved PS-PI interface except
for the lamellar morphology. The lamellar morphology has a mean
curvature of zero regardless of the homopolymer in the blend. The
homopolymer molecular weight dependent order-order transitions
(lamellae to the OBDD morphology to cylinders at 30% hPS) are
accompanied by an increase in mean curvature: H] = 0 urn" 1 for 30 hPS,
Hobdd = 24 um-l for 14 hpS> Hobdd _ 26 um-l for 6 hPS, and Hc = 36 urn" 1 for
2.6 hPS. Within the ordered bicontinuous double diamond, cylindrical or
spherical morphologies the mean curvature also increases with decreasing
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homopolymer molecular weight. At 40% hPS the mean curvature of
cylinders increases from 30 to 41 nm-1 as the homopolymer molecular
weight decreases from 14,000 to 2,600 g/mol. The H range within a given
morphology type is considerably smaller than when an order-order
transition occurs as a function of homopolymer molecular weight.
The dimensionless mean curvatures (H*) were also calculated for
these binary blends, though H* did not prove to be as informative as H. The
dimensionless mean curvature is the product of the mean curvature given
in equations 4.7 to 4.10 and the lattice parameter. The resultant values of
H* depend only on the overall PS volume fraction of the binary blend for a
given morphology type. The dimensionless mean curvature is independent
of the homopolymer molecular weight, while the mean curvature
illustrates a homopolymer molecular weight dependence. The mean
curvature is preferable to the dimensionless mean curvature for describing
the intermaterial dividing surface of diblock copolymer/ homopolymer
blends.
Area per Copolymer Junction on the PS-PI Interface The average
area per copolymer junction, oj, is the area of the PS-PI interface divided by
the number of copolymer molecules which span the PS-PI interface. This
parameter measures the average lateral separation of the copolymer
blocks. The calculation of cj from the lattice parameter and the blend
composition assumes pure phases and narrow interfaces as was the case
for the calculation of the overall polystyrene volume fraction. The area per
junction for lamellae, cylinders, and spheres are determined analytically:
2Mpi
Oj l = (4.12)
aiam (1-Ops) pPI Nav
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where MPi is the molecular weight of the PI block of the copolymer
(22,100 g/mol for SI27/22) and Nav is Avogadro's number. The area per
junction for the OBDD morphology is determined in a similar manner as
discussed for the mean curvature. The dimensionless interfacial area per
unit cell (S*) was previously determined from the volume fraction of a
single diamond channel [21]. The interfacial area per unit cell of a double
diamond microstructure is S0bdd = S* a0bdd2 . The interfacial area per
copolymer junction on the PS-PI interface, oj obdd, is calculated by dividing
Sobdd by the number of PI blocks in a unit cell:
Sobdd Mpi
°J obdd = o / . : (4.16)
aOBDD (1-^ps) ppi Nav
The areas per junction on the PS-PI interface are presented in
Figure 4.3. The cj values for all the blends are greater than that of the pure
diblock copolymer. This indicates that the copolymer chains are swollen
laterally, that is parallel to the PS-PI interface, in the presence of
homopolymer. The extent of lateral expansion generally increases with
homopolymer concentration. Within the lamellar and cylindrical
&4
morphologies, oj increases as the homopolymer concentration increases.
Also, small increments in the homopolymer concentration, which are not
shown in Figure 4.3, increase a, within the OBDD morphology: oj obdd =
582, 612, and 633 A2 for 30%, 32%, and 34% 14 hPS, respectively. The
copolymers in spherical micelles do not expand laterally with the addition
of homopolystyrene as shown for a single case by a constant oj as the
homopolymer concentration increases from 60% to 70% 6 hPS. The absence
of lateral expansion in the PI spheres as a function of hPS concentration
implies that the PS blocks are fully saturated as was described with respect
to the mean curvature.
In one case, aj increases over the entire range of homopolymer
concentrations at a fixed homopolymer molecular weight; blends with
2.6 hPS exhibit a continuous increase in oj as a function of homopolymer
concentration from lamellae (0% to 20%) to cylinders (30% to 50%) to
spheres (60%). Blends with 6 hPS or 14 hPS also exhibit a continuous
increase in oj, with the exception of the blends with 30% hPS exhibiting the
OBDD morphology. The areas per junction for the OBDD morphology at
30% hPS are somewhat larger than those of cylinders at 40% hPS, thus
contradicting the otherwise general statement that the lateral expansion of
copolymers (Cj) increases or remains constant with increasing
homopolymer concentration.
The area per junction within any given ordered morphology also
increases with decreasing homopolymer molecular weight at a fixed
homopolymer concentration. The copolymer molecules in the lamellar
morphology swell laterally from oj i = 508 to 560 A2 as the homopolymer
molecular weight decreases from 14,000 to 2,600 g/mol at 20% hPS. The
area per junction within the OBDD morphology increases with decreasing
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homopolymer molecular weight from 582 A2 (30% 14 hPS) to 610 A2
(30% 6 hPS). Cylinders and spheres also exhibit an increase in oj as the
homopolystyrene molecular weight decreases, see Figure 4.3. The a< values
J
for the OBDD morphology are slightly too large to produce a continual
increase in the area per junction at 30% hPS where the homopolymer
molecular weight order-order transitions are observed: 511 (L), 582 (DD),
630 (DD), and 610 (C) A2
.
The area per junction increases or remains
constant as the homopolymer concentration increases or the homopolymer
molecular weight decreases within an ordered morphology type and
typically between the ordered morphology types.
Discussion
The blend morphologies of this study are not typical of the irregular
morphologies which are prevalent in studies of copolymer/ homopolymer
blends. A variety of well-ordered morphology types and sizes can be
produces in binary blends based on a lamellar diblock copolymer and
various homopolymers. This is an advantage over the equilibrium
morphologies of neat block copolymers which are fixed by the composition
and molecular weight. The morphology type in a binary blend is controlled
primarily by the homopolymer concentration of the blend and matches the
morphology expected at the the same overall composition in a neat diblock
copolymer. The morphology size is altered primarily by the homopolymer
molecular weight. Tailoring domain type and size is straight forward in
diblock copolymer/ homopolymer blends using a single diblock copolymer
and various molecular weight homopolymers. Our study enables
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researchers to be custom design blend morphologies for specific studies and
applications.
A variety of order-order transitions have been observed as a function
of homopolymer concentration and homopolymer molecular weight
binary blends containing a diblock copolymer and a homopolymer. As
function of homopolymer content in the blends four order-order transitions
are present: lamellae to the OBDD morphology, the OBDD morphology to
cylinders, lamellae to cylinders, and cylinders to spheres. The first two
order-order transitions listed here have not been reported previously by
other investigators (see Chapter 3) [24]. The last two order-order transitions
listed above have been reported recently [11, 12]. These four order-order
transitions are combined into three different sequences which depend on
the homopolymer molecular weight. The lowest homopolymer molecular
weight studied (2.6 hPS) has the sequence lamellae to cylinders to spheres
as reported previously for similar blend systems [11, 12]. The higher
molecular weight homopolymers yield two new sequences upon increasing
the homopolymer content prior to forming disordered micelles: lamellae to
the OBDD morphology to cylinders to spheres and lamellae to the OBDD
morphology to cylinders.
The morphologies of neat diblock copolymers in the the strong
segregation limit (large %N values) are molecular weight independent. In
the case of blends, Hashimoto et al. have recently reported that increasing
the homopolymer molecular weight induces an order-order transition from
cylinders to lamellae at 50 wt% hPS with a lamellar diblock copolymer [12].
This chapter reports two new order-order transitions as a function of
increasing homopolymer molecular weight at 30% hPS: cylinders to the
OBDD morphology and the OBDD morphology to lamellae.
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In addition to identifying the order-order transitions present in
blends of diblock copolymer and homopolymer, we present three general
characteristics of the ordered morphologies: the overall PS volume fraction
of the blend, the mean curvature of the PS-PI interface and the average
interfacial area per copolymer junction. Other parameters, such as the
lattice parameter or the nearest neighbor distance, are less relevant,
because these lengths reduce the effect of added homopolymer to a single
dimension which includes the swollen and unswollen microdomains.
Secondly, the lattice parameter and the nearest-neighbor distance must
specify the lattice type and dimensionality of the ordered morphology. The
mean curvature and the area per junction describe the intermaterial
dividing surface independent of the lattice and are therefore more
universal.
The overall composition determines the morphology in neat block
copolymer systems in the strong segregation limit. Sadron and Gallot
found the morphology of a diblock copolymer/ selective solvent system is
determined mainly by the overall volume fraction [25]. A similar statement
can be made concerning binary blends of a lamellar diblock copolymer and
a homopolymer when the homopolymer molecular weight is comparable to
or smaller than the molecular weight of the matching block of the
copolymer. In our studies, the overall PS composition of a blend containing
a lamellar SI diblock copolymer and a homopolystyrene generally
determines the ordered morphology. The composition ranges established
for the lamellar, the ordered bicontinuous double diamond, the cylindrical
and the spherical morphologies in neat diblock copolymers are typically
consistent with those determined for binary blends. This result implies
that packing polymer chains into periodic morphologies is essentially
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independent of whether the polymer chains are a combination of the
spatially restricted blocks of a copolymer and the unrestricted homopolymer
molecules or only spatially restricted blocks.
Two blends with an overall composition characteristic of the OBDD
morphology exhibit ordered morphologies other than the OBDD structure.
The OBDD morphology does not have constant principal radii as do
lamellae, cylinders and spheres. The intermaterial dividing surface in the
OBDD morphology contains saddle surfaces where the two principal radii
or curvatures are of opposite sign. The PS-PI interface is able to assume a
range of principal curvatures when an overall composition appropriate for
the OBDD morphology and intermediate homopolymer molecular weights
(6 hPS and 14 hPS) are used, thereby forming the OBDD morphology. At the
same overall composition with a higher or lower homopolymer molecular
weight (30 hPS or 2.6 hPS), the PS-PI interface exhibits constant principal
radii forming the lamellar and cylindrical morphology, respectively. These
order-order transitions which depend on homopolymer molecular weight
imply that the OBDD morphology requires a sufficiently pliable interface as
well as the appropriate overall composition.
Homopolystyrene added to a SI diblock copolymer increases the
effective volume of the PS block, where the effective volume includes the
volume of the PS block and the volume of hPS which mixes with the PS
block. The volume of the PI block remains unchanged. The neat diblock
copolymer, SI27/22, has a planar interface (H=0) indicating a comparable
volume for the PS and PI blocks. However, a significant mismatch in the
effective volumes of the PS and PI blocks due to the presence of hPS
increases the mean curvature. The swelling of the PS block by hPS also
laterally separates the diblock copolymers in the blend relative to the neat
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diblock copolymers as indicated by larger area per copolymer junction. The
mean curvature and area per junction are useful parameters by which to
monitor the swelling of the spatially constrained PS blocks of the
copolymers in the presence of the homopolymers.
Increasing the homopolymer content in a blend increases H
significantly between different types of ordered morphologies and to a lesser
extent within the OBDD and cylindrical morphologies. Increasing the
homopolymer concentration generally increases cj also, except where 03
remains constant for spherical micelles. A low molecular weight
homopolymer penetrates and swells the spatially restricted PS block of the
copolymer to a greater extent than a high molecular weight homopolymer
for a fixed homopolymer concentration. Decreasing the homopolymer
molecular weight generally increases H and Oj. The extent of mixing is
enhanced by increasing the amount of homopolystyrene in the blend and/or
by decreasing the homopolystyrene molecular weight.
For comparison, the trends in H and Oj were determined for the case
of disordered spherical micelles. The micellar core radii reported by
Kinning et al. for blends containing SB20/20 and hPS are listed in
Table 4.2 [11]. The core radius and the molecular weight of the PB block of
the copolymer (20,500 g/mol) were used to determine H and oj. Increasing
the homopolystyrene content in the blend at a fixed homopolymer molecular
weight does not change H or aj, Table 4.2. Increasing the homopolymer
concentration decreases the number of disordered spherical micelles in the
system but their size remains constant. Similarly, H and gj remain
constant in the blends of this study with ordered spherical micelles as the
concentration of 6 hPS increases. A constant H and oj implies that the PS
blocks of the micellar coronas are fully saturated by hPS and an increase in
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homopolymer concentration simply separates the spherical domains
without altering them. Decreasing the homopolymer molecular weight
increases H, Oj, and the volume fraction of homopolystyrene in the corona
region surrounding the core of disordered micelles, Table 4.2. These three
parameters indicate a higher degree of mixing between the spatially
constrained PS blocks and lower molecular weight hPS. The higher degree
of mixing is also evident in blends of 60% hPS and SI27/22 as H and o-
increase with decreasing homopolymer molecular weight for the case of
ordered spherical micelles. Consistent results are found for disordered and
ordered spherical microdomains. The extent of mixing is enhanced in
spherical micelles by decreasing the homopolymer molecular weight and
not by increasing the homopolymer concentration in the blend.
Conclusions
1. Four well-ordered morphologies were obtained in blends of a
lamellar SI diblock copolymer and various homopolystyrenes. Order-order
transitions between these ordered morphologies depend on the
homopolymer concentration and the homopolymer molecular weight.
2. The morphology type depends primarily on the overall PS volume
fraction or the homopolymer concentration. A homopolymer molecular
weight dependence on the morphology occurs at 30% hPS. The size of the
aggregates can be manipulated to a small extent by the homopolymer
molecular weight.
3. The mean curvature and the area per junction of the ordered
morphologies generally increase or remain constant with increasing
homopolymer concentration and with decreasing homopolymer molecular
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weight. The chain swelling of the spatially constrained PS blocks of the
copolymers molecules by the homopolymers is readily monitored by these
parameters.
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Table 4.1
Blends of SI27/22 and hPS with Ordered Morphologies:
Morphology, Overall PS Volume Fraction and Lattice Parameter.
designation Morphology 0 PS Lattice Parameter
©
(A)
SI 27/22 Lamellae 51% 387
10% 2.6 hPS Lamellae 55% O it:
20% 2.6 hPS Lamellae 60 %
30% 2.6 hPS Cylinders 65% 451
40% 2.6 hPS Cylinders 70% 426
50% 2.6 hPS Cylinders 75 % 44Q
60% 2.6 hPS Spheres 79% 391 (SC); 552 (BCC)
10% 6 hPS Lamellae 55% 389
20% 6 hPS Lamellae 60% 397
30% 6 hPS Double Diamond 65% 584
40% 6 hPS Cylinders 70% 496
50% 6 hPS Cylinders 75% 498
60% 6 hPS Spheres 79% 405 (SC); 573 (BCC)
70% 6 hPS Spheres 85% 444 (SC); 629 (BCC)
5% 14 hPS Lamellae 53% 382
10% 14 hPS Lamellae 55% 389
15% 14 hPS Lamellae 58% 403
20% 14 hPS Lamellae 60% 422
30% 14 hPS Double Diamond 65% 632
40% 14 hPS Cylinders 70% 573
50% 14 hPS Cylinders 75%
30% 30 hPS Lamellae 65% 477
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Table 4.2
Disordered Spherical Micelles in Blends of SB20/20 and hPS.
(a) Results from reference [11]
(b) Newly calculated results.
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Figure 4.1: Transmission electron micrographs showing the order-order
transitions with increasing homopolymer concentration in
blends of 6 hPS and SI27/22. a.) 10%, lamellae; b.) 30%, the
ordered bicontinuous double diamond morphology; c.) 50%,
cylinders on a hexagonal lattice; d.) 70%, spheres on a cubic
lattice.
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Figure 4.2: Mean curvature of the PS-PI interface versus homopolystyrene
concentration in blends of SI27/22 and hPS. The plot symbols
indicate the homopolystyrene: open circles 2.6 hPS, filled
circles 6 hPS, open squares 14 hPS, and filled squares 30 hPS.
The letters on the plot indicate the ordered morphology of the
blend: L lamellae, DD the ordered bicontinuous double
diamond morphology, C cylinders, S spheres on either a
simple cubic (SC) or a body-centered cubic (BCC) lattice.
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Figure 4.3: Area per copolymer junction on the PS-PI interface versus
homopolystyrene concentration in blends of SI27/22 and hPS.
The plot symbols and letters are described in Figure 4.2.
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CHAPTER 5
MORPHOLOGY DIAGRAMS
Introduction
The morphologies of a vast number of blends containing a diblock
copolymer (AB) and a homopolymer (hA) in which the components A and B
are immiscible have previously been determined in our laboratory. Ordered
morphologies include lamellae, cylinders on a hexagonal lattice and
spheres on a cubic lattice as presented in Chapters 2 and 4 and
elsewhere [1]. More recently the ordered bicontinuous double diamond
morphology in blends has been explored as described in Chapter 3.
Disordered micelles are also observed as spherical, cylindrical or lamellar
micelles [1, 2]. We present here two types of morphological diagrams to
consolidate this information and to provide insight into the morphological
transitions.
Current theoretical predictions for AB/hA blends do not account for
the extensive variety of observed morphologies. The early theories of AB/hA
blends predict the critical micelle concentration (cmc) and the nature of
micelles above the cmc, but are applicable only at high homopolymer
concentrations where micelles do not interact [3, 4]. A theory has also been
developed for the onset of long range order between micelles, but only for the
case of spherical micelles [5]. Whitmore and Noolandi's calculations
predict the phase behavior of the AB/hB system over the entire
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homopolymer concentration range as a function of temperature, but
assume the lamellar morphology exists in all cases which is obviously
inadequate [6]. The only previous experimental diagrams were from
studies by Roe and Zin [7]. The authors constructed temperature versus
homopolymer concentration diagrams which distinguish turbid and
transparent blends by cloud point measurements and distinguish some
macrophase separated and homogeneous blends by SAXS results. Cloud
point measurements provide no firm evidence of domain geometry and may
or may not accurately indicate macrophase separation. The microphase
separated domains in AB/hA blends can be large enough to scatter light
and appear turbid without being macrophase separated.
A binary blend system is fully described by the homopolymer content
in the blend, the homopolymer molecular weight (MhA), and two
parameters to describe the diblock copolymer when the temperature
dependent interaction parameter, %, is fixed. The diblock copolymer is
described by two of the following: the molecular weight of block A, the
molecular weight of block B, the total molecular weight, the composition of
the diblock copolymer. These molecular parameters are used to construct
the morphology diagrams in order to assist the development of a
comprehensive description of the binary blends of diblock copolymer and
homopolymer.
Experimental Procedures
Materials The poly(styrene-b-isoprene) diblock copolymers for this
study were synthesized and characterized by Dr. L. J. Fetters of Exxon
Research and Engineering Company. The anionic polymerization was
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initiated with purified sec-butyllithium in a benzene/cyclohexane mixture
(10/90 v/v) at 30°C using a high vacuum technique [8]. The polystyrene block
(PS) was typically polymerized first after which an aliquot was removed for
characterization. A Waters 150C size exclusion chromatograph (SEC)
calibrated with polystyrene standards was used to determine the molecular
weight and polydispersity index of the first block. Isoprene monomers were
subsequently added to the reaction mixture and the resulting polyisoprene
block (PI) has an approximate microstructure distribution of 70% ds-1,4,
24% trans-1,4, and 6% 3,4 addition. One diblock copolymer, SI45/12, was
synthesized in the reverse order; first the PI block was polymerized and
then the PS block. The molar composition and the polydispersity index of
the completed diblock copolymer were measured with a 400 MHz !H NMR
and by SEC, respectively. The number average molecular weight of the
second block and the PS weight percent were calculated from the molecular
weight of the first block and the molar composition. Poly(styrene-b-
butadiene) diblock copolymers were synthesized and characterized in a
similar manner by Dr. Fetters. The polybutadiene microstructure was
approximately 50% trans-1,4, 40% ds-1,4, and 10% 1,2 addition. The
poly(styrene-b-isoprene) and poly(styrene-b-butadiene) diblock copolymers
are identified as SI#/# and SB#/#, respectively, where the numbers refer to
the block molecular weights given in kg/mol. Table 5.1 lists selected
characteristics of the SI and SB diblock copolymers: the molecular weights
of the PS block and the entire diblock copolymer, the weight percent and the
volume percent of PS, and the observed morphology. The polydispersity
index for the first polymerized block and the entire diblock copolymer is less
than 1.05 in all cases. The SB diblock copolymers were employed in
previous studies [1, 2].
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The homopolystyrenes (hPS) were purchased from Pressure
Chemical Company and characterized by Dr. L. J. Fetters. The
homopolystyrenes used in this study have the following number average
molecular weights and polydispersity indices as determined by SEC:
2,600 g/mol (1.11), 5,900 g/mol (1.08), 7,800 g/mol (1.13) 14,000 g/mol (1.02),
17,200 g/mol (1.04), 30,100 g/mol (1.02), and 36,700 g/mol (1.02). The
homopolystyrenes are designated by their approximate molecular weights
given in kg/mol followed by hPS: 2.6 hPS, 6 hPS, 8 hPS, etc. Prior to use the
polystyrene homopolymers were treated at 160°C under vacuum for 30
minutes to remove residual solvent, styrene monomer, dimers and
oligomers. During this procedure the material foamed.
Blend Preparation The protocol for blend preparation was designed
to reproducibly prepare bulk binary blends at thermodynamic equilibrium
characteristic of the annealing temperature. Blends were prepared by
solvent casting and annealing. A 3 wt% polymer solution was prepared in
toluene which is a nonselective solvent for polystyrene, polyisoprene, and
polybutadiene. The solution was placed in a glass casting dish which had
been coated with the mold release agent dichlorodimethylsilane. The
solvent slowly evaporated in 7 to 10 days at room temperature to form a
~1 mm thick sample. The blend was dried (2 weeks at 40°C) and annealed
(1 week at 125°C) in a vacuum oven. The casting dish with the sample was
removed from the oven and quenched in liquid nitrogen to end the heat
treatment. Blends are identified by the homopolymer concentration in the
blend given in weight percent, the homopolymer, and the diblock
copolymer: 60% 2.6 hPS and SI27/22.
Transmission Electron Microscopy Blends were imaged with
transmission electron microscopy (TEM). Bulk samples were microtomed
104
at low temperature (approximately
-110°C) with a diamond knife and a
Reichert Ultracut microtome with a FC4 cryo temperature attachment.
Thin sections, approximately 500 A, were stained with Os04 vapors. The
sections were examined in the bright field mode using a JEOL 100CX
transmission electron microscope at 100 kV. Many of the blends have also
been investigated by small angle x-ray scattering in a separate study (see
Chapter 4).
Morphology Types
The binary blends of poly(styrene-b-isoprene) or poly(styrene-b-
butadiene) diblock copolymers and homopolystyrene in this study typically
exhibit microphase separation due to the solubilization of hPS in the PS
block of the copolymer and the unfavorable interactions between PS and the
polydiene. The sizes of the microphase separated structures are
determined primarily by the molecular weight of the polydiene block of the
copolymer and are uniform within a given blend. The following ordered
morphologies are observed in the microphase separated state and were
discussed in the previous chapter: spheres on a cubic lattice, cylinders on a
hexagonal lattice, the ordered bicontinuous double diamond morphology,
and lamellae. Disordered micelles are microphase separated micelles
which exhibit liquid-like order and exist in a variety of shapes as will be
discussed below. The homopolymer and the diblock copolymer macrophase
separate when the homopolystyrene is not fully soluble in the PS block of the
copolymer. The macrophase separated state typically consists of two
phases of large (l-10|im), irregularly sized domains one type of which is
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almost pure homopolymer and the second is a diblock copolymer rich
morphology.
Disordered Micelles Spherical, cylindrical and lamellar micelles
exhibit liquid-like order in binary blends having homopolystyrene
molecular weights comparable to or smaller than the polystyrene block of
the copolymer. The random, spatial distribution orientation of the micelles
indicates a repulsive interaction between the micelles as described by
Leibler and Pincus for the specific case of spherical micelles [5]. Shull et al.
have observed an attractive interaction between diblock copolymer micelles
and diblock copolymers at an interface in the regime of homopolymer
molecular weights much larger than the matching block of the
copolymer [9].
The binary blends of this study exhibit either a single micellar shape
or a mixture of micellar shapes (spheres and cylinders, cylinders and
lamellae). These mixtures were reported previously by Kinning et al. [2]
and were observed again in our studies. The various micellar shapes are
discussed individually below and the shape transformations as a function
of homopolymer molecular weight are reviewed briefly.
The B blocks of a diblock copolymer (AB) aggregate to form the core of
a micelle which is surrounded by the corona consisting of the A blocks of
the copolymer and the homopolymer (hA), Figure 5.1a. Further from the
core of the micelle is the matrix of hA and a very small amount of
solubilized AB. If the B blocks aggregate to form spherical domains the
result is spherical micelles which have been studied extensively by Kinning
et al. [1]. They found spherical micelles to have uniform core size within a
blend as evidenced by a standard deviation in the core radius of typically
less than 15%. The corona thickness (t) was found to decrease as the
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homopolymer molecular weight (MhPS ) increases by an approximate power
law: t~MhPs"017 .
Disordered cylindrical micelles (Figure 5.1b) have an approximately
uniform core diameter though the length can vary widely within a blend
system. In many cases the bulk blend samples appear cloudy indicating
that a portion of the cylindrical micelles are long enough to scatter light
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104 A). Turbid samples are frequently categorized by researchers as
macrophase separated which is obviously an oversimplification in the case
of disordered cylindrical micelles. The cylindrical micelle segments in a
microtomed TEM sample (10* A) are typically shorter than the original
cylindrical micelles of the bulk sample. The contour length along the
cylindrical micelle segments is larger than the end-to-end distance of the
cylindrical micelle segments as observed in the TEM images. This result
leads to the description of disordered cylindrical micelles as tortuous or
curvy but of constant diameter as compared to the ordered cylindrical
micelles which appear straight.
The ends of the cylindrical micelles are investigated using samples
prepared by a thin film technique, thus omitting the microtoming
procedure [10]. A very dilute solution (-0.05 wt/vol%) of the blend was
evaporated on a carbon film. The edges of a dried droplet are sufficiently
thin to obtain an electron micrograph. The thin film technique is not used
in general for our study of binary blends because of the added complication
imposed by surface effects and non-equilibrium phase separation
conditions. The thin film samples thus prepared exhibit cylindrical and
spherical micelles, Figure 5.2. The cylindrical micelles are terminated by a
hemispherical end caps, rather than flat end caps. Tilting the thin film
sample confirms this observation is not a projection artefact. The radius of
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the hemispherical end cap is approximately equal to or slightly larger than
the radius of the cylindrical micelles as determined by transmission
electron microscopy.
Disordered cylindrical micelles are abundant in surfactant systems.
A surfactant or amphiphile is a small molecule with a hydrophilic head
group and a hydrophobic tail group. A system of rod-like, cylindrical
micelles has been modeled assuming that the chemical potential is
constant for all the surfactant molecules regardless of the length of the
specific aggregate in which it is contained [11]. The lowest energy state
contains rod-like micelles polydisperse in length according to this model.
The mean length or aggregation number of the rod-like micelles increases
with the square root of the surfactant concentration. Similarly, the length
of the tortuous cylindrical micelles in polymer blends increases as the
copolymer concentration increases or equivalently as the homopolymer
concentration decreases. Figure 5.3 shows the example of 14 hPS and
SI27/22 with increasing cylindrical micelle length as the hPS concentration
decreases from 90% to 60%. The polydisperse length and the hemispherical
endcaps of the cylindrical micelles leads to the coexistence of cylindrical
and spherical micelles, where spherical micelles are simply the lower limit
of the length distribution in cylindrical micelles.
Disordered lamellar micelles contain essentially planar domains of
polydiene chains with planar corona regions containing PS blocks and hPS
on either side of the polydiene domain, Figure 5.1c. Disordered lamellar
micelles appear as extended planar sheets with free edges or vesicles which
have eliminated the free edges by forming closed structures. A blend
containing spherical vesicles, irregularly shaped vesicles, and extended
lamellar micelles is shown in Figure 5.4. Though the vesicles are curved
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on the micron scale, the intermaterial dividing surface remains planar on
the local scale. Disordered lamellar or planar micelles are without registry
to their nearest neighbor even though the micelles may be highly
concentrated. This is in contrast to the ordered lamellar morphology which
is observed in neat diblock copolymers and binary blends such as those
discussed in Chapter 2.
Shape transformations between the various type of disordered
micelles are observed as the homopolymer molecular weight changes as
reported previously [2]. As noted for the case of spherical micelles, the
corona thickness decreases as the homopolymer molecular weight
increases. This causes the core volume to increase relative to the volume of
the isolated micelle. A simple model predicts shape changes is disordered
micelles from spheres to cylinders to lamellae as the core volume fraction
increases based on the packing constraints established by Ohta and
Kawasaki for periodic morphologies in block copolymers [12]. The model
agrees with the shape changes observed upon increasing the homopolymer
molecular weight. These observations will be useful in the interpretation of
the constant copolymer composition diagram.
Constant Molecular Weight Diagrams
Construction of Constant Molecular Weight Diagrams Constant
molecular weight morphology diagrams emphasize the influence of the
composition of the copolymer and the homopolymer concentration on the
blend morphology. The binary blends of SI diblock copolymers and
homopolystyrenes can be fully described by five parameters such as the
homopolystyrene molecular weight, the SI diblock copolymer molecular
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weight, the weight percent of PS in the copolymer, the weight percent of
homopolystyrene in the blend, and the annealing temperature. Constant
molecular weight diagrams are constructed here for blends having a
constant annealing temperature (125°C), a constant homopolystyrene
molecular weight, and an approximately constant total SI diblock
copolymer molecular weight. The remaining two molecular parameters,
the PS weight percent in the SI copolymer and the hPS weight percent in
the blend, are the ordinate and abscissa of the plot, respectively. In the
limit of zero weight percent of homopolymer in the blend, the weight
percent of PS in the copolymer solely determines the morphology of the neat
diblock copolymer in the strong segregation limit. No assumptions are
required to construct the constant molecular weight diagrams. A third
dimension could be added to the diagram as the homopolymer molecular
weight, the total diblock copolymer molecular weight, or the annealing
temperature.
Two morphology diagrams were constructed using the SI diblock
copolymers listed in Table 5.1 which have an average total molecular
weight of 54,300 g/mol. The homopolystyrene molecular weights are fixed
at 5,900 g/mol in Figure 5.5 and 14,000 g/mol in Figure 5.6 . The horizontal
lines represent specific blend systems of hPS and SI over the entire
homopolymer concentration range. The letters near these lines indicate
the observed microstructure: ordered lamellae (L), the ordered
bicontinuous double diamond morphology (DD), cylinders on a hexagonal
lattice (C), spheres on a cubic lattice (S), disordered micelles (D), and
macrophase separation (M). Biphasic regions are denoted by the two
symbols of the observed morphologies in the blend. Partially ordered
micelles as evidenced by transmission electron microscopy are indicated
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with filled symbols. The critical micelle concentration, i.e. the
homopolystyrene weight percent above which micelles are absent, is not
included in the morphology diagrams and is probably greater than
98% hPS.
Versatility of Lamellar Diblock ConoWrg A larger number of
microstructures are produced in blends with a lamellar diblock copolymer
and a homopolystyrene than with a cylindrical diblock copolymer having
either PS or PI cylinders and a homopolystyrene. Blends of 6 hPS or 14 hPS
and SI27/22 (55 PSwt%) show multiple ordered morphologies as the
homopolymer content in the blend increases. Only in one case does a
cylindrical diblock copolymer exhibit an ordered morphology other than
that of the neat diblock copolymer. The intermaterial dividing surface of a
lamellar diblock copolymer unlike cylindrical diblock copolymers is readily
manipulated by the addition of homopolymer into shapes highly perturbed
from its original planar state. A single lamellar diblock copolymer and
various homopolymers are capable of producing a variety of morphologies
by blending, as opposed to synthesizing separate diblock copolymers for
each desired morphology.
Biphasic regions are characteristic of first order phase transitions as
a function of composition in a two component blend. A biphasic region in
which two ordered morphologies coexist is expected at homopolymer
concentrations between the regions of single ordered morphologies. Such
well-behaved, systematic biphasic regions have not yet been observed.
Typically, biphasic regions are absent entirely or contain unexpected
combinations of ordered morphologies. For blends of 14 hPS and SI27/22
(55 PSwt%), the absence of an observed biphasic region between the OBDD
morphology and cylinders indicates that the true biphasic region is quite
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narrow (< 2% hPS). A biphasic region of lamellae and cylinders is observed
between lamellae and the OBDD morphology at 55 PSwt% in the copolymer
and 14 hPS, Figure 5.6. This biphasic region has been confirmed by small
angle x-ray scattering, where peaks for both a lamellar and a hexagonal
lattice coexist. The constant molecular weight diagram with 6 hPS
(Figure 5.5) shows an OBDD morphology and lamellar biphasic region
between a domain of cylinders and lamellae. This example might imply
the presence of a very narrow region of the OBDD morphology and the
accompanying biphasic region (OBDD morphology and cylinders) between
the observed regions of single morphologies. We currently do not have a
satisfactory explanation for these peculiar results.
Loss oELflngLBangfi Order The sufficient addition of homopolymer to
an AB/hA blend can cause the loss of long range order. The homopolymer
screens the micellar interactions and the ordered morphologies give way to
disordered micelles. The transition from morphologies with long range
order to micelles with liquid-like order occurs at lower homopolymer
concentrations as the PS weight percent in the SI diblock copolymer
increases. Note that the disordering transition discussed here is not the
order-disorder transition which describes the onset of the homogeneous
state in block copolymers upon increasing the temperature and/or
decreasing the total molecular weight. In our case, both spatially ordered
and spatially disordered micelles are microphase separated.
Blends of 14 hPS and SI27/22 (55 PSwt%) disorder between 50% and
60% hPS, while blends of 14 hPS and SI45/12 (79 PSwt%) disorder between
10% and 20% hPS. These particular disordering transitions are from
cylinders on a hexagonal lattice to cylindrical and spherical micelles with
liquid-like order. Similarly, blends with 6 hPS disorder between 70% and
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80% hPS at 55 PSwt% in the copolymer and between 20% and 40% hPS at
79 PSwt% in the copolymer. Blends containing SI diblock copolymers with
PS cylinders (20 PSwt% or 28 PSwt%) do not exhibit the loss of long range
order, but rather exhibit macrophase separation.
Diblock copolymer micelles order to reduce corona-corona overlap,
but the continued addition of homopolymer eventually screens the repulsive
interaction between the coronas. Less homopolymer is required to produce
this screening effect when the homopolymer is added to the matrix
component of a cylindrical diblock copolymer as compared to a lamellar
diblock copolymer. Consequently, the homopolymer concentration over
which disordered micelles are observed increases experimentally as the PS
composition of the SI diblock copolymer increases.
The loss of long range order is gradual or perhaps even continuous
with increasing weight percent homopolymer in the blend. Recall that the
blends of disordered micelles which exhibit partial order are indicated by
filled symbols. In the ordered state cylindrical micelles are long and
straight, and pack on a two-dimensional hexagonal lattice with a
well-defined intercylindrical spacing. The ordered cylinders appear as a
hexagonal array of circular spots when projected along the cylinder axis or
a series of evenly spaced lines when projected normal to the cylinder axis.
Both projections of cylinders on a hexagonal lattice are present in the
electron micrograph shown in Figure 5.7. The disordered cylindrical
micelles are polydisperse in length and tortuous so as to reduce the amount
of corona-corona interaction. At homopolymer concentrations slightly
greater than the disordering concentration, the cylindrical micelles are
still quite densely packed and remain partially ordered. These partially
ordered cylindrical micelles are semi-straight and form groups of 5 to 10
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cylinders which align over short distances though with a poorly-defined
intercylindrical spacing, Figure 5.3c&d. As the homopolymer
concentration increases the cylindrical micelles become well-separated,
highly tortuous and randomly oriented. Larger homopolymer
concentrations also produce shorter cylindrical micelles on average, as
discussed above, which further promote the loss of long range order.
Domains of well-ordered, long, straight cylinders do not coexist in a blend
with domains of short, curvy cylinders with liquid-like order. The loss of
long range order is a gradual transition in AB/hA blends as the extent of
disorder in the micelles increases with the addition of homopolymer. The
continuous nature of this transition as well as the absence of biphasic
regions implies that the loss of long range order is a second or higher order
transition in diblock copolymer/ homopolymer blends.
Macrophase Separation Limited homopolystyrene solubility
predominates in blends containing a diblock copolymer with a low PS
composition. Macrophase separation is prevalent when 6 hPS or 14 hPS is
added to a diblock copolymer containing PS cylindrical microdomains:
SI13/51 (20 PSwt%) or SI13/34 (28 PSwt%). Macrophase separation occurs
because the translational entropy of the homopolymer is severely limited
when confined to an isolated domain. Homopolystyrene in a PS cylindrical
domain can migrate in only one direction as compared to homopolystyrene
in a PS lamellar domain or a matrix which can migrate in two or three
directions, respectively.
Typically, homopolystyrene swells the cylindrical domains to a small
degree as the homopolymer concentration increases before macrophase
separating at the homopolymer solubility limit. Only in the case of 6 hPS
and SI 13/34 is an ordered morphology other than cylinders observed at
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homopolymer concentrations below the macrophase separation limit (see
Figure 5.5). Here the homopolymer is sufficiently soluble with the
copolymer to cause a morphological transition. To accommodate larger
quantities of homopolymer without macrophase separating, inverted
Phases have to form. As discussed in Chapter 3, inverted phases are not
present in binary blends because the extension of the minority block of the
copolymer is limited. Though the exact positions of the macrophase
separation transitions are not established by this study, the range of
macrophase separation generally increases as the PS composition of the
copolymer decreases.
Constant Copolymer Composition Diagrams
Construction of Constant Conolvmpr Composition Pip^™* While
the constant molecular weight morphology diagrams focus on the influence
of the composition of the copolymer, the constant copolymer composition
morphology diagrams feature the influence of the homopolymer molecular
weight. In this case the five molecular parameters to describe the binary
blends of SI or SB diblock copolymer and homopolystyrene are the
composition of the copolymer, the homopolystyrene content in the blend, the
homopolystyrene molecular weight, the molecular weight of the PS block of
the copolymer, and the annealing temperature. The annealing
temperature is held constant at 125°C and the PS composition of the
copolymer is held approximately constant. In order to accommodate
diblock copolymers with slightly different copolymer compositions, the
horizontal axis is the overall polystyrene volume fraction instead of the
homopolymer concentration in the blend. The overall PS volume fraction
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has been identified as an important parameter in binary blends in the
previous chapter and is paramount for determining the morphology of neat
diblock copolymers [12, 13, 14]. The two remaining parameters, the
homopolymer molecular weight (MhPS) and the PS block molecular weight
(MPS block), are combined into the relative homopolymer molecular weight,
MhPs/Mps block, and plotted on the vertical axis. This reduced parameter
characterizes the extent of mixing between the hPS and the spatially
restricted PS block. Using a relative molecular weight assumes the
absolute molecular weights of the blend system are not relevant which is
reasonable within the relatively small range of molecular weights used in
this study. A third dimension could be added to the diagram as the
composition of the diblock copolymer or the annealing temperature.
Figure 5.8 shows the constant copolymer composition diagram for
lamellar diblock copolymers with a composition range of 44 - 51 PSvol%. In
addition to 67 blends prepared during this study, 16 blends prepared earlier
in the same manner by Kinning are included [1, 2]. Note that no blends
have been selectively removed and the morphologies of all 83 blends are
self-consistent. The shape of the symbol indicates the specific diblock
copolymer used in the blend. The lines separate the morphological regions
and are labeled as in the constant molecular weight diagrams. Solid lines
indicate the transitions between ordered morphologies and dashed lines
indicate the continuous transitions between ordered morphologies and
disordered micelles. The critical micelle concentration occurs at very large
PS volume fractions for these blends and is not indicated on this
morphology diagram.
The constant copolymer composition morphology diagram for
lamellar diblock copolymers blended with homopolystyrene illustrates the
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versatility of lamellar diblock copolymers presented previously in the
context of constant molecular weight morphology diagrams. The relative
homopolymer molecular weight and the overall polystyrene volume percent
in the blend, are well chosen parameters and give self consistent results for
poly(styrene-b-isoprene) and poly(styrene-b-butadiene) diblock copolymers.
In particular, the choice of overall polystyrene volume fraction unifies the
morphological data for diblock copolymers with slightly different copolymer
compositions in contrast to using the homopolymer concentration. The
blend of30% 14 hPS and SI27/11 and the blend of40% 17 hPS and SB20/20
exhibit the ordered bicontinuous double diamond morphology, but have very
similar overall polystyrene volume fractions, 65 and 66 PSvol%,
respectively. The nature of the macrophase separated regime is not
illustrated by this constant copolymer composition diagram because only a
single macrophase separated blend (MhPS/Mps block = 1.8, 93 PSvol%) is
presented. The biphasic region of lamellae and cylinders (L + C), as
discussed with respect to the constant molecular weight morphology
diagram, is the only biphasic region observed for binary blends of lamellar
diblock copolymers and homopolymers.
Loss of Long Range Ordpr The relative homopolymer molecular and
the overall polystyrene volume fraction dependencies of the loss of long
range order are illustrated in the constant copolymer composition diagram.
The overall blend composition for the onset of liquid-like order has a
negative slope for spherical micelles at Mhps/Mps block < 0.4. A negative
slope is also observed for the spatial disordering of cylindrical and lamellar
micelles though the slope of these lines are not well-established by the data
points. The OBDD morphology does not exhibit a disordering transition.
The minority component of the OBDD morphology consists of two
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interpenetrating networks of diamond symmetry which apparently change
shape to cylinders prior to (or perhaps during) the loss of long range order.
A negative slope for the onset of liquid-like order is understood in
terms of corona thickness and corona-corona interactions. Kinning et al.
found the corona thickness of disordered spherical micelles increases as
the homopolymer molecular weight decreases [1]. Smaller molecular
weight homopolymers penetrate and mix with the spatially constrained
blocks of the copolymers to a greater extent than larger homopolymer
molecules. Consequently, the smaller molecular weight homopolymers
produce a thicker corona. A larger amount of low molecular weight
homopolymer is required to fully swell these thick coronas as compared to
the thin coronas produced by homopolystyrenes of high molecular weight
homopolymer. Homopolymer concentrations above that necessary to fully
swell the coronas screen the long ranged corona-corona interactions and
induce liquid-like order. Therefore, at low relative homopolymer molecular
weight a larger overall polystyrene volume fraction is required to spatially
disorder micelles than at higher relative homopolymer molecular weight.
This results in a negative slope for the transition from long range order to
short range order in the constant copolymer composition morphology
diagram.
The line representing the loss of long range order for spherical
micelles on a cubic lattice cannot be extended to describe the loss of long
range order for cylinders on a hexagonal lattice. Cylinders spatially
disorder at a significantly lower overall PS volume fraction than spheres.
This discontinuity in the onset of liquid-like order for spherical and
cylindrical micelles arises due to the different packing efficiencies for
spheres and cylinders. The micelles begin to spatially disorder
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approximately when the micellar coronas are no longer in contact, that is
when the micellar volume fraction falls below a critical value. The
micellar volume fraction includes the volume of the micellar cores and
coronas, in contrast with the overall PS volume fraction which includes the
volume of the corona and matrix. The critical micellar volume fraction
depends on the shape of the packing motif and the lattice type as illustrated
here: 52% for spheres on a simple cubic lattice, 68% for spheres on a
body-centered cubic lattice, and 91% for cylinders on a hexagonal lattice.
Long cylinders require a significantly higher micellar volume fraction to
fully order than spheres regardless of the specific cubic lattice of the
ordered spheres. The micellar volume fraction decreases as the
homopolymer concentration or the overall PS volume fraction in the blend
increases, so that a lower overall PS volume fraction in the blend is
required to spatially disorder cylinders on a hexagonal lattice as compared
to spheres on a cubic lattice.
Order-order Transitions The sequence of order-order morphological
transitions depends on the relative homopolymer molecular weight. Below
Mhps/Mps block - 0.15 increasing the overall PS volume fraction in the
blend produces lamellae, cylinders on a hexagonal lattice, spheres on a
cubic lattice, and disordered micelles. Values at Mhps/MPS block « 0.15 to
1.0 produce lamellae, the OBDD morphology, cylinders on a hexagonal,
spheres on cubic lattice and disordered micelles or just lamellae, the OBDD
morphology, cylinders and disordered micelles as the overall PS volume
fraction increases. The absence of ordered spheres above Mhps/Mps block *
0.4 is due to the intervening disordering of the cylindrical micelles at a
lower overall PS volume fraction or micellar volume fraction in the blend as
discussed above. The lamellar morphology spatially disorders at
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Mhps/Mps block > 1.0 with the addition of homopolymer prior to any
order-order transitions.
The vertical lines between the ordered morphologies in the constant
copolymer composition morphology diagram are in approximate
agreement with the PS volume percent boundaries established for the pure
SI diblock copolymers in the strong segregation limit namely, lamellae 33 -
62 PSvol%, the OBDD morphology 62 - 66 PSvol%, cylinders 66 - 77 PSvol%,
spheres on a body-centered cubic lattice > 77 PSvol%. If the binary blend is
ordered, the overall polystyrene volume fraction determines adequately the
morphology type, except for the blends with - 65 PSvol%. The ordered
morphology of these blends depends on both the overall PS volume fraction
and the relative homopolymer molecular weight. The OBDD morphology is
observed in a binary blend with ~ 65 PSvol% and 0.15 < Mhps/MpS block < 1.0.
The mean curvature (H) of the PS-PI interface and the average area
per copolymer junction (oj) were calculated from the lattice parameter
determined via SAXS and the overall PS volume fraction (see Chapter 4). H
and aj generally increase or remain constant as the relative homopolymer
molecular weight decreases or the overall PS volume fraction increases.
These trends are typically observed both within and between ordered
morphology types. Decreasing the relative homopolymer molecular weight
in the blend increases the degree of swelling in the PS block which perturbs
the PS-PI interface to a greater extent and promotes the lateral separation
of the the copolymer molecules as evidenced by an increase in H and aj,
respectively. Increasing the homopolymer concentration in the blend or the
overall PS volume fraction in the blend increases the swelling of the PS
block until the PS block is saturated. Further addition of hPS screens the
corona-corona interactions causing the micelles to spatially disorder. The
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increased swelling due to the addition of homopolymer increases the mean
curvature of the PS-PI interface and the area per junction.
Conclusions
The isothermal morphology diagrams developed in this chapter
provide a succinct and insightful means for evaluating the interactions
between diblock copolymers and homopolymers. The constant molecular
weight diagrams present the effect of copolymer composition and
homopolymer content in the blend at fixed homopolymer molecular weight,
diblock copolymer molecular weight and annealing temperature. The
constant copolymer composition diagram highlights the influence of the
homopolymer molecular weight relative to the matching block molecular
weight of the copolymer and the overall polystyrene composition at fixed
copolymer composition and annealing temperature. Both types of
diagrams illustrate the order-order transitions and the loss of long range
order as well as the equilibrium morphology.
The constant copolymer composition morphology diagram
demonstrates the importance of the relative homopolymer molecular
weight parameter within the molecular weight ranges studied. The value
of Mhps/Mps block increases as the copolymer composition decreases for
fixed Msi and MhPS in the constant molecular weight morphology
diagrams. Note also that the accessible range of the overall PS volume
fraction extends to lower values in binary blends as the copolymer
composition decreases. The blends containing SI 13/51 or SI 13/34 and 6 hPS
or 14 hPS which exhibit macrophase separation have relative homopolymer
molecular weights of 0.5 and 1.1 and overall PS volume fractions
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35 - 100 PSvol%. Consequently, if the constant copolymer composition
morphology diagram shown in Figure 5.8 was extended in a third
dimension to lower copolymer PS compositions, macrophase separation
would dominate the constant copolymer composition diagrams.
Macrophase separation is not observed for this region of the constant
copolymer composition diagram using lamellar diblock copolymers. The
blends containing SI45/12 and 6 hPS or 14 hPS which exhibit disordered
micelles have relative homopolymer molecular weights 0.1 and 0.3 and
overall PS volume fractions 81-100 PSvol%. If the constant copolymer
composition morphology diagram shown in Figure 5.8 was extended in a
third dimension to higher copolymer PS compositions, the disordered
micelle region would be slightly expanded as compared to blends with
lamellar diblock copolymers. These preliminary results for the copolymer
composition dependence of the constant copolymer composition diagram
establish the potential of these morphology diagrams in three dimensions.
We anticipate that the general trends put forth in the morphology
diagrams presented here will be consistent for AB/hA blends of amorphous
polymers in the strong segregation limit. Significantly different results are
expected if the molecular components are more or less compatible, though
the construction of the diagrams could remain the same.
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Table 51
Characteristics of the Poly(styrene-b-isoprene) and
Poly(styrene-b-butadiene) Diblock Copolymers.
Label Mn(PS)
(g/mol)
MWtot) PSwt% PSvol% Morphology
SI 13/51 12,800 64,200 20% 18% Cylinders of PS
SI 13/34 12,900 46,600 28% 25% Cylinders of PS
SI 27/22 26,600 48,700 55% 51% Lamellae
SI 45/12 45,300 57,500 79% 76% Cylinders of PI
SB 40/40 42,300 87,300 48% 44% Lamellae
SB 20/20 20,500 41,000 50% 46% Lamellae
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Figure 5
r
l Schematic of spherical (a), cylindrical (b), and lamellar (c)
micelles formed in the binary blends of diblock copolymer (AB)
and selective homopolymer (hA).
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Figure 5.2 Transmission electron micrographs showing disordered
cylindrical micelles with spherical endcaps in a thin film
sample with a composition of 88% 17 hPS and SB20/20. a.) no
tilt, b.) 25° tilt around the indicated axis.
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Figure 5.3 Transmission electron micrographs showing disordered
micelles in blends with decreasing 14 hPS concentration in
SI27/22. a.) 90%, disordered spherical micelles; b.) 80%,
disordered spherical and cylindrical micelles; c.) 70%,
partially ordered cylindrical micelles; d.) 60%, partially
ordered cylindrical micelles.
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Figure 5.4 Transmission electron micrograph of disordered lamellar
micelles. Spherical vesicles, irregularly shaped vesicles, and
extended sheets occur in the blend of 88% 30 hPS and SB20/20.
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Figure 5.5 Constant molecular weight morphology diagram for
homopolystyrene of 5,900 g/mol and poly(styrene-b-isoprene)
diblock copolymers of
-54,000 g/mol. Letters indicate the
morphology: D - disordered micelles, S - spheres on a cubic
lattice, C - cylinders on a hexagonal lattice, DD - the ordered
bicontinuous double diamond morphology, L - ordered
lamellae, and M - macrophase separation. Filled symbols
indicate blends with partial order.
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Figure 5.6 Constant molecular weight morphology diagram for
homopolystyrene of 14,000 g/mol and poly(styrene-b-isoprene)
diblock copolymers of
-54,000 g/mol. Letters indicate the
morphology as described in Figure 5.5.
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Transmission electron micrograph of cylinders on a
hexagonal lattice in the binary blend of 50% 14 hPS and
SI27/22.
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Figure 5.8 Constant copolymer composition morphology diagram for
various homopolystyrenes blended with lamellar diblock
copolymers of 44 - 51 vol% polystyrene: squares SI27/22,
triangles SB20/20, and circles SB40/40. Solid lines indicate the
transitions between ordered morphologies and dashed lines
indicate the continuous transitions to disordered micelles.
Letters indicate the morphology as described in Figure 5.5.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
Conclusions
Conclusions have already been presented with respect to the swelling
of the lamellar morphology by homopolymer, the presence of the ordered
bicontinuous double diamond morphology in blends, the nature of
order-order transitions and the interpretation of the new morphology
diagrams. The overall conclusions of the thesis are presented here in the
context of the general objectives set forth in Chapter 1.
The morphologies of diblock copolymer/ homopolymer blends are
quite versatile in shape, symmetry and aggregate size and have a
remarkable ability to form periodic morphologies. The OBDD morphology
is observed here for the first time in binary blends as well as the ordered
morphologies previously observed (lamellae, cylinders on a hexagonal
lattice and spheres on a cubic lattice). The criteria for preparing the OBDD
morphology from lamellar or cylindrical diblock copolymers and
homopolymer are established in this dissertation. The ordered
morphologies are characterized by the overall PS volume fraction and the
lattice parameter from which the mean interfacial curvature and the area
per copolymer junction are calculated to describe the intermaterial dividing
surface. In addition to the ordered morphologies a variety of disordered
micelles and partially ordered micelles are observed in binary blends. The
size and short range order in disordered micelles are primarily inferred
qualitatively by visual inspection of the transmission electron micrographs.
Binary blends with long range order are described significantly more
quantitatively than the majority of the blends with liquid-like or partial
order. Only spherical micelles with liquid-like order can be readily
evaluated by scattering experiments. Future theoretical descriptions of the
ordered morphologies in diblock copolymer/ homopolymer blends will be
challenged to predict not only trends, but also the values of the
morphological parameters found in the equilibrium, model blends used in
this study.
The morphologies and the morphological transitions of binary blend
systems depend on three experimentally accessible molecular parameters:
the homopolymer concentration in the blend, the copolymer composition
and the homopolymer molecular weight. Within the limited range of total
copolymer molecular weight studied, the copolymer molecular weight has
no influence on the morphology. The influence of the homopolymer
concentration in blends can be followed by the overall polystyrene volume
fraction (<DPS ) in the blends. In the case of ordered morphologies, Ops is the
primary parameter which determines the type of morphology. The
copolymer composition or the morphology type of the neat diblock copolymer
determines, in part, the range of accessible morphologies and the solubility
of the homopolymer. Lamellar diblock copolymer can be converted to all
four of the observed ordered morphologies with essentially no macrophase
separation observed. Selectively adding homopolymer to the minority
component of a cylindrical diblock copolymer typically results in
macrophase separation, while adding homopolymer to the majority
component of a cylindrical diblock copolymer produces the loss of long
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range order. Finally, the homopolymer molecular weight impacts
primarily the size of the aggregate in the ordered blend morphologies. The
homopolymer molecular weight also influences the micellae shape in
blends of liquid-like order.
Two types of isothermal morphology diagrams are created to
consolidate the variety of morphological information obtained in this study.
The previous experimental morphology diagrams are temperature versus
homopolymer concentration diagrams, delineating turbid and transparent
blends by cloud point measurements and delineating some macrophase
separated and homogeneous blends by SAXS results. The cloud point data
provides no firm evidence for domain geometry and may or may not
indicate accurately the presence of macrophase separation. The previous
theoretical morphology diagrams assume the universal presence of the
lamellar morphology, which is in clear disagreement with the
experimental work presented here.
The ability of the constant copolymer composition diagram to
summarize the morphologies and morphological transitions in 83 Sl/hPS
and SB/hPS blends establishes the importance of the overall PS volume
fraction of the blend and the relative homopolymer molecular weight. The
order-order transitions depend primarily on the overall volume fraction of
the blend. The relative homopolymer molecular weight relates to the extent
of mixing between the homopolymer and the spatially restricted block of the
copolymer. The disordering transition is succinctly described by a negative
slope in the constant copolymer composition morphology diagram. The
corona-corona interactions impose order at higher overall PS volume
fractions at lower relative homopolymer molecular weights which produce
a thicker corona.
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The constant molecular weight morphology diagrams illustrate the
influence of the homopolymer concentration in the blend and the copolymer
composition. Increasing the homopolymer concentration in a blend with a
lamellar diblock copolymer produces a sequence of ordered morphologies
until the loss of long range order occurs. Increasing or decreasing the
copolymer composition severely alters the morphologies produced upon
increasing the copolymer composition.
The mean curvature and the area per junction describe in part the
influence of the molecular parameters. We have established the
importance of H and oj in characterizing the intermaterial dividing surface
in diblock copolymer/ homopolymer blends and eluding to the chain
conformations. In the case of the lamellar morphology, the layer
thicknesses describe the axial expansion in the blend and the area per
junction describes the lateral swelling in the ordered morphologies. These
quantitative descriptions of the morphologies provide additional insight to
the nature of AB/hA blends.
Future Work
The continuation and expansion of this research promises to be
fruitful and challenging. Two attributes of this dissertation should be
maintained in any future work concerning blends which contains diblock
copolymers: use model polymer systems and prepare equilibrium
morphologies. These characteristics promote reproducible and often
quantitative results and, therefore, lend themselves to a fundamental
understanding of polymer thermodynamics. The suggested investigations
listed below include additional morphological studies with diblock
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copolymer/ homopolymer blends, non-morphological studies with AB/hA
blends, and studies with new types of blends containing diblock copolymers.
1. ) The asymmetric nature of swelling in the lamellar morphology
as a function of homopolymer molecular weight or homopolymer
concentration in the blend is attributed to a non-uniform distribution of
homopolymer in the swollen layer. To better understand the nature of this
non-uniformity, the homopolymer concentration profile within the ordered
lamellar morphology should be determined. Using a deuterated
homopolymer blended with a phase matched diblock copolymer, small
angle neutron scattering is a suitable experimental technique to carry out
this measurement. Alternatively, numerical calculations are capable of
finding the lowest free energy state associated with a confined chain if the
layer thickness and area per junction are known. Using data from this
thesis, preliminary calculations of this kind have been done by
Dr. Kenneth R. Shull of IBM in conjunction with the author.
2. ) The biphasic regions which are indicators of first order phase
transitions are experimentally narrow and not well behaved in the binary
blends of this study. The narrowness of the biphasic regions should be
reflected in forthcoming theoretical descriptions of diblock copolymer/
homopolymer blends. Further experimental investigations to define the
biphasic regions are now possible since the order-order transitions and the
molecular parameters which control them have been established.
3. ) The specific cubic lattice of the ordered spheres remains unclear
and may vary among specific binary blends. The nature of the
corona-corona interactions could be explored by evaluating the lattice type of
spherical micelles as a function of the molecular parameters. Careful
small angle x-ray scattering experiments are required to determine the
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cubic lattice. A pinhole source is preferable over the Kratky slit
collimations in order to avoid the uncertainty introduced by slit smearing.
Additional analysis of the scattering results should be performed using a
paracrystal method which evaluates the peak intensities, widths and
positions.
4. ) A goal of materials science is to relate the morphologies to the
macroscopic properties of materials. In this thesis, the morphologies of
diblock copolymer/ homopolymer blends have been extensively studied
under equilibrium conditions. Depending on the application of primary
interest, various macroscopic properties (e.g. mechanical, transport,
electrical, etc.) of diblock copolymer/ homopolymer blends should now be
studied. Comparison of the OBDD morphology prepared via diblock
copolymer/ homopolymer blends and via neat linear or star diblock
copolymer would be of great interest. In addition, one would expect that
blends of disordered cylindrical micelles would exhibit interesting fracture
and toughness characteristics as the micelle length and orientation are
varied in a controlled manner.
5. ) The morphological wonders in binary blends of a diblock
copolymer and a homopolymer have been firmly established by this thesis.
Previous studies in ternary blends of a diblock copolymer (AB) and two
homopolymers (hA, hB) have focused on the modified polymer-polymer
interface and improved compatibility. The interfacial region of ternary
blends has been investigated with regard to mechanical strength, surface
tension and chain conformations. The potential for well-ordered
morphologies in ternary blends is great and could be explored by an
approach similar to the one used in this thesis. Another interesting type of
diblock copolymer (AB) and homopolymer (hC) binary blend involves a
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homopolymer which has a specific, favorable interactien with one of the
blocks. In contrast to the athermal mixing in the blends of this
dissertation, the AB/hC blends explore exothermic mixing between a
homopolymer and a spatially restricted polymer block. Significantly
different morphology diagrams are expected for blends with a specific
interaction.
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APPENDIX A
ANNEALING STUDY IN BINARY BLENDS
Introduction
To answer the persistent question, "How close are the samples to
thermodynamic equilibrium?" a set of SAXS and TEM experiments were
performed on a diblock copolymer and homopolymer blend. Previous work
in our group has assumed that annealing at ~120°C for a week produces ar
equilibrium morphology. An in situ small angle x-ray scattering
experiment is performed to study the blend morphology as a function of
annealing time.
Experimental Methods
The blend of 40% 14 hPS in SI27/22 exhibits cylinders on a hexagonal
lattice when prepared by my standard method: slowly cast from toluene,
dry in a vacuum oven for two weeks, anneal at 120°C for 7 - 10 days, and
quench in liquid nitrogen. As in my standard method, the blend for this
annealing study was prepared as a 3 wt% polymer solution with toluene.
The solution was placed in a glass casting dish which had been coated with
a mold release agent, dichlorodimethylsilane. The solvent slowly
evaporated in 7 to 10 days at room temperature and was dried further in a
vacuum oven at 40°C. This cast and dried blend was investigated by SAXS
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and TEM before being pressed into a heating sample cell. The pressing
conditions were 5 minutes at a pressure of -500 psi and a press
temperature of 100°C. The pressed blend in the sample cell was
investigated by SAXS and then annealed at 120°C in the SAXS apparatus
under vacuum. Each scattering profile required one day to collect during
which the sample continued to anneal. The reference time refers to the
start time of the scattering experiment, Table A.l. The scattered intensities
were corrected for sample thickness, wire sensitivity and parasitic
scattering, but were not desmeared.
Results
Transmission electron micrographs of the cast blend show
microphase separated cylindrical domains on a somewhat poorly defined
hexagonal lattice, Figure A.la. The SAXS profile of the cast blend shows
two peaks of a hexagonal lattice with a lattice parameter of 561 A,
Figure A.2. Upon pressing the sample into a sample cell a -10% decrease
in the lattice parameter occurs without significantly altering the degree of
order as indicated by SAXS, Figure A.2. The smaller lattice parameter of
the pressed sample as compared to the cast sample is to be expected when
as much as -500 psi of pressure was applied to compress the blend into the
sample holder. Both the cast blend and the cast and pressed blend are
clearly microphase separated via SAXS and the cast sample is known to
have cylindrical domains via TEM.
Even the shortest annealing time (8.3 hours) at 120°C is sufficient to
improve the lattice order as indicated by the new (20) reflection in the SAXS
pattern. The lattice parameter is -6% larger than the as cast sample,
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Table A.l. The (11) reflection is suppressed, because it coincides with a
minimum in the cylindrical form factor of the blend. The SAXS peaks
sharpen as the annealing continues. Also the lattice parameter decreases
until it matches that of the cast sample. The longest anneal gives the best
agreement between calculated and observed SAXS peak positions,
Figure A.2. This sample annealed for 169 hours shows cylinders on a
well-developed hexagonal lattice via electron microscopy, Figure A. lb.
The cast sample and the sample annealed for 169 hours were tested
for sample degradation using SEC by Dr. L. J Fetters. The chromatographs
are indistinguishable indicating that the annealing procedure in the SAXS
apparatus did not significantly damage the blend sample.
Discussion
In response to the frequent question, "How close are the samples to
thermodynamic equilibrium?", a two part answer is appropriate. With
respect to the microstructure type (spheres, cylinders, etc.), our sample
preparation is quite adequate. The microstructure develops upon slow
evaporation of a nonpreferential solvent and becomes better defined quite
rapidly during the annealing procedure. With respect to the lattice
parameter of the blend, our preparation gives less certainty as to the
equilibrium lattice parameter. The mean lattice parameter of the blend
during heat treatment is 585 A with a standard deviation of 15 A or <3%.
The standard deviation might be smaller in the absence of the pressing
procedure.
The free energy minimums are broad when plotted as a function of
the lattice parameter for diblock copolymer and homopolymer blends as
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described by Dr. E. Helfand in a discussion in February 1990. The free
energy differences between microstructure types is considerably larger
than the free energy differences between microstructures of the same type
with different lattice parameters. This explanation is consistent with our
in situ SAXS annealing study of a blend with 40% 14 hPS and SI27/22. The
cylindrical microstructure is well established after only a short anneal,
while a longer annealing time is required to establish the equilibrium
lattice parameter.
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Table A 1
Results for a Blend of40% 14 hPS in SI27/22
Description
Feaks in Smeared
T__ j • x_
Intensity
Cast 561 (10), (21)
Cast & Pressed
(10)
Cast & Pressed & 8.3 hours 597 (10), (20), (21), (30), (31)
Cast & Pressed & 33.3 hours 597 (10), (20), (21), (30), (31)
Cast & Pressed & 81.5 hours 581 (10), (20), (21), (30), (31)
Cast & Pressed & 169 hours 565 (10), (20), (21), (30), (31)
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AJj Transmission electron micrographs of the blend 40% 14 hPS
and SI27/22. a.) as cast; b.) annealed for 169 hours.
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2
: Smeared small angle x-ray scattering intensities as a function
of the scattering vector for the cast blend, the cast and pressed
blend, the cast, pressed and annealed for 8.3 hours blend, and
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APPENDIX B
LATTICE TYPE AND LATTICE PARAMETER CALCULATED FROM
SMALL ANGLE X-RAY SCATTERING DATA
Introduction
Small angle x-ray scattering patterns of block copolymer systems
exhibit multiple interference peaks which specify a lattice type and a lattice
parameter. The diffraction peaks originate from the periodic
microdomains in microphase separated block copolymers or block
copolymer/ homopolymer blends and from the resultant periodicity of
electron density. The interplanar distances (d) of the microdomains
determine the peak positions or scattering vectors (s) according to Bragg's
rule, X = 2d sinG = (2/s) sin9, where the angle 29 is the scattering angle of a
peak maximum and X is the wavelength of the x-rays. {If the reader in
unfamiliar with crystal lattices, diffraction, allowed reflections, etc.,
consult a general text such as Elements of X-rav Diffraction by Cullity [1].
A general introduction to small angle x-ray scattering will also assist the
reader [2].} The lattice type is determined by comparing the ideal and the
observed interplanar spacings relative to the largest interplanar distance.
The lattice parameter is determined from the interplanar spacings
according to the established lattice type. The following development
explains a procedure to determine the type and size of a lattice from SAXS
data.
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Determination ofthe LatticeType
Each lattice type exhibits a characteristic sequence of interplanar
distances. A lamellar, a hexagonal and three cubic lattices are considered
here since these lattices are identified by transmission electron microscopy
for block copolymer systems. The lamellar morphology which is periodic in
one dimension has a single interplanar distance which produces multiple
reflections:
dh(lam) = aiam / h h = 1, 2, 3, 4, .. (B.l)
where h is the order of the reflection and a]am is the lattice parameter of the
lamellar unit cell or the lamellar domain spacing. The higher order
reflections relative to the the first order reflection are given by dh/di or
dhdam) / di(lam) = 1.00, 0.50, 0.33, 0.25, ... (B.2)
A hexagonal lattice of infinitely long cylinders is periodic in two
dimensions and has the following interplanar spacings
dhk(hex)
=
ah ex
(4/3)^2 (h2 + hk + k2)1^2
hk = 10, 11, 20, 21, 30, ... (B.3)
where hk are the Miller indices and ahex is the lattice parameter of the
hexagonal lattice. The characteristic ratios of the interplanar spacings for
the hexagonal lattice are
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dhk(hex) / d 10(hex) = 1.00, 0.58, 0.50, 0.38, 0.33 (B 4)
The three cubic lattices of interest have interplanar spacings given by
for simple cubic hid = 100, 110, 111, 200, 210, 211, 220, 300... (B.5a)
for body-centered cubic
hkl = 110, 200, 211, 220, 310, 222, 321, 400... (B.5b)
for OBDD hkl = 110, 111, 200, 211, 220, 221, 310, 311... (B.5c)
where hkl are the Miller indices of the allowed reflections of the cubic
lattices and acubi c is the lattice parameter. The simple cubic and
body-centered cubic lattices are given as Pm3m and Im3m space groups,
respectively. Spherical micelles have been observed with simple cubic
symmetry in diblock copolymer/ homopolymer blends [3, 4] and
body-centered cubic symmetry in neat diblock copolymers [5, 6]. Note that
Koizumi et al. have acknowledged a miscalculation in their paper [7]; the
correct volumetric interpretation of their SAXS data is a simple cubic lattice
of spherical micelles in a binary blend of a diblock copolymer and a
homopolymer. The ordered bicontinuous double diamond morphology is
accurately represented by the Pn3m space group [8, 9]. The ratios of the
interplanar spacings relative to the first observed interference spacings for
the cubic lattices are
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dhkl(sc) / d 100(sc) = 1.00, 0.71, 0.58, 0.50, 0.45, 0.41, 0.35, 0.33...
(B.6a)
dhkl(bcc) / d 110(bcc) = 1.00, 0.71, 0.58, 0.50, 0.45, 0.41, 0.38, 0.35...
(B.6b)
dhkl(obdd) / dno(obdd) =1.00, 0.82, 0.71, 0.58, 0.50, 0.47, 0.45, 0.43...
(B.6c)
The lattice types observed in block copolymer systems can be identified by
their relative interplanar spacings given by B.2, B.4 and B.6, however the
simple cubic and body-centered cubic lattices require seven well-developed
peaks to be distinguished. Typically, such high order peaks are not
observed in block copolymer systems. Thus, the simple cubic and
body-centered cubic lattices for spheres are indistinguishable by this
method of small angle x-ray scattering analysis.
The ratio of the interference peak positions are used to determine the
lattice type of a sample. The scattering vectors, Si , and the numbers of the
reflections, i, are recorded from the maximums in the desmeared SAXS
pattern. The Kratky slit collimation produces a smeared scattering pattern
which is equivalent to the superposition of scattering patterns from a line of
individual point sources. The desmearing procedure converts the Kratky
smeared intensities to the effective scattering from a single point source.
The experimental interplanar spacings are given as d\ = l/sj from which
the ratios dj/di are calculated. The interplanar spacings are approximately
4% smaller when measured from desmeared intensities as compared to slit
smeared intensities. The observed peak ratios are compared with equations
B.2, B.4 and B.6 above to identify the lattice type.
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Once the lattice type is determined the observed peaks are assigned
the Miller indices corresponding to the observed Wl ratios. Note that if a
TEM experiment shows the morphology of a sample to be cylinders on a
hexagonal lattice, one cannot simply assign the allowed Miller indices to
the observed peaks in order of increasing s. Frequently, the allowed 11 or 20
peak of a hexagonal lattice is suppressed, because the interference peak
occurs at a minimum in the form factor scattering which dramatically
reduces the peak intensity. A similar effect is observed for the even order
reflections of a lamellar morphology with an overall volume fraction near
50%. It is crucial to accurately assign the Miller indices to the observed
SAXS peaks.
A binary blend of a diblock copolymer and a homopolymer may
contain two morphologies. Such a biphasic blend will have a set of peaks
corresponding to each ordered morphology. The scattered intensities from
the two morphologies are additive. In the case of biphasic systems the
ratios dj/di, dj/d2 and di/d3 should be calculated and compared with the
expected peak ratios, because the first observed peak may apply to only one
of the lattice types. The observed peaks are assigned Miller indices of one or
both of the lattices. The assignment of Miller indices to the peaks may not
be apparent or have a singular solution in a biphasic system. Further
information can be gained by determining which peaks are suppressed due
to form factor scattering as discussed at the end of the next section.
Calculation of the Lattice Parameter
All the observed peaks are combined to determine the lattice
parameter using a linear regression method. An alternative method would
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be to determine the lattice parameter from the first peak only. The one peak
method is less accurate, because an error of a single detector channel
corresponds to a significant error in the interplanar spacing at small
scattering vectors. The resolution of the interplanar spacings improves
with increasing scattering vector and higher order reflections. The method
discussed here uses all the experimental interplanar spacings to calculate
the lattice parameter.
The observed interplanar spacings of the lamellar morphology,
dhdam), and the Miller indices are fitted to the linear expression
dhdam) = m (1/h) + b, where ideally the y-intercept (b) is zero. In addition to
the experimental values (x,y) = (1/h, dh(lam)), I input the values (0, 0) as a
known limit. This procedure has a noticeable effect only when all the
experimental x-values are greater than 0.5 as is typically the case with the
OBDD morphology. The lamellar lattice parameter is given by the
calculated value of the first order reflection, di'(lam):
aiam = di'(lam) = m (1/h) + b = m + b (B.7)
Linear regression is performed on the values ({(4/3)(h2 + hk + k2)}-^2
,
dhk(hex)) for the hexagonal lattice. The calculated first reflection (hk = 10)
is given by dio'(hex) = m (4/3)-l/2 + b. The hexagonal lattice parameter is
given by rearranging equation B.3,
ahex = dio'(hex) {(4/3) (h2 + hk + k2 )} V2 = m + b (4/3)i/2 (B 8)
The hexagonal lattice parameter is larger than the first reflection unlike
the lamellar morphology. The interplanar distances from the cubic
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morphologies are fitted to dhkl(cubic) = m Qfi + k2 + 12)-l/2 + b . The cubic
lattice parameter is given by
aCubic = dioo'(cubic) (h2 + k2 + 12)1/2 = m + b (B.9)
The first order reflections depend on the specific cubic lattice:
di'(sc) = dioo'(sc) = m + b (B 1Qa)
di'(bcc) = dno'(bcc) = m (2)-l^2 + b (B.lOb)
di'(obdd) = dno'(obdd) = m (2)-^2 + b (B.lOc)
Equation B.l, B.3, and B.5 and the lattice parameters of the lamellar,
hexagonal and cubic lattices are used to calculate the subsequent SAXS
peak positions, shkl' = 1/dhkl'. The arrows shown in the SAXS patterns
indicate the peak positions which correspond to the calculated lattice
parameter. Good agreement should be found between the observed and
calculated peaks if the Miller indices were accurately assigned.
The form factor should be calculated when allowed diffraction peaks
are missing from experimental SAXS patterns. The form factors as
functions of the scattering vector for lamellae, cylinders and spheres are
Ilam (s) = 2~sL JV2
2
(n s L) (B.ll)
xcyl (s) = : T~2 Jl2(2 7C s Rc ) (B.12)
(71 s Rr )
IsPh (s) = ,„,
9 rc
o J3/2
2
(2 n s Rs) (B.13)
16 (k s Rc)
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where L is the lamellar spacing, Rc and Rs are the cylindrical and
spherical radii, respectively, and Ji(X) are Bessel functions of the first kind
of order i with the argument X [10]. The approximate size of the aggregate
(L, Rc
,
or Rg) can be estimated from the lattice parameter and the volume
fractions of the aggregates in the sample. The form factor as a function of s
is plotted and compared to the calculated SAXS peak positions (shk,).
Interference peaks near minimums in the form factor will be suppressed
in the experimental SAXS intensities.
155
Cfi^^ S^nd edition, Addison-wesiey Publishing Company, Inc.; Reading, Massachusetts (1978).
Clatter, 0. and O. Kratky, ed., Small Anplp Y.^y ScatteringAcademic Press; New York (1982X
^t enn
,
m
^Uefo^t^:^d L\ J " FlterS ' '^hological studiesGbT^^ blends, J.
K
hinTLf ' H ' HafPWa ai?d T - Hashi™to, "Mutual diffusion ofblock polymer and homopolymer. Visualization using microdomainas a probe." Macromolecules, 23(11), 2955-5962, (1990). C 0Cl0m
B
2!h
F:
S** E - C°hen and °- V - Bemey ' "Small-angle neutron
™fKerJn5- dete™natl0n of macrolattice structure in a polystyrene-
(1982)
U copolymer." Macromolecules, 15(2), 589-592,
Thomas, E. L D. J. Kinning, D. B. Alward and C. S. Henkee,Ordered packing arrangements of spherical micelles of diblock
2934-2^3
e
9
rS
(19
n
87r
0^^ dimensionS '" Ma<*omolecules, 20(11),
Hashimoto, T., personal communication (1990).
Anderson, D. M. and E. L. Thomas, "Microdomain morphology of star
qoSi E'nnoo1!1
6
strong-segregation limit." Macromolecules, 21(11),
oZZL-oZoijy (1988).
Thomas, E. L., D. M. Anderson, C. S. Henkee and D. Hoffman,
"Periodic area-minimizing surfaces in block copolymers." Nature
334(6184), 598-601, (1988).
Richards, R. W., "Small angle neutron scattering from block
copolymers." Analvsis/Reactions/Morpholoffv
.
Springer-Verlag; New
York (1985).
156
APPENDIX C
SUPPLEMENTAL DATA AND MORPHOLOGY DIAGRAMS
Constant Molecular Weight Diagram with 6 hPS and SI
Annealing Temperature:
-125 C
SI Copolymers
SI 13/51
SI 13/34
SI 27/22
SI 45/12
AVERAGE
Mn (total)
64,200 g/mol
46,600 g/mol
48,700 g/mol
57,500 g/mol
54,300 g/mol
MJhPS]: 5,900 g/mol
Total # ofBlends = 25
A. SI13/51 rKWH and fi hPS BWl
59
58
20.0 wt% 5.9 hPS
57.9 wt% 5.9 hPS
Hexagonal cylinders
Ml(PS) + M2(network)
SI13/51 100 wt% SI13/51 Hexagonal cylinders
M(hPS) PSwt%inSI
5.9 19.9%
5.9 19.9%
19.9%
B. SI13/34 TKW21 and fi hPS RlenH* MfhPS) PSwt.%in
82 90.0 wt% 5.9 hPS Ml(PS) + M2(dis. lam.) 5.9 27.7%
83 79.8 wt% 5.9 hPS Ml(PS) + M2(dis. lam.) 5.9 27.7%
84 60.0 wt% 5.9 hPS Ml(PS) + M2(dis. lam.) 5.9 27.7%
54 54.0 wt% 5.9 hPS Ml(PS) + M2(ord. lam.) 5.9 27.7%
85 39.9 wt% 5.9 hPS Ml(PS) + M2(ord. lam.) 5.9 27.7%
86 20.0 wt% 5.9 hPS Ordered lamellae 5.9 27.7%
87 15.1 wt% 5.9 hPS Bl(OBDD) + B2(ord. lam.) 5.9 27.7%
55 12.0 wt% 5.9 hPS Hexagonal cylinders 5.9 27.7%
SI 13/34 100 wt% SI 13/34 Hexagonal cylinders 27.7%
157
127/22 rKW4] and fi hPS Til,
GO
61
62
63
Gi
65
50
66
67
90.0 wt% 5
79.8 wt% 5
70.0 wt% 5
60.0 wt% 5
50.0 wt% 5
40.0 wt% 5
30.0 wt% 5
20.0 wt% 5
10.3 wt% 5
.9 hPS
.9 hPS
.9 hPS
.9 hPS
.9 hPS
.9 hPS
.9 hPS
.9 hPS
9 hPS
Disordered sph. micelles
Disordered sph. micelles
Ordered sph. micelles
Ordered sph. micelles
Hexagonal cylinders
Hexagonal cylinders
OBDD
Ordered lamellae
Ordered lamellae
M(hPS) P.<W% in
,QT
5.9
5.9
5.9
5.9
5.9
5.9
5.9
5.9
5.9
SI27/22 100 wt% SI27/22 Ordered lamellae
54.6%
54.6%
54.6%
54.6%
54.6%
54.6%
54.6%
54.6%
54.6%
54.6%
D. SI45/1 2 TKW61 and 6 hPS RW.
128
129
130
131
132
133
80.0 wt% 5.9 hPS
60.0 wt% 5.9 hPS
40.0 wt% 5.9 hPS
20.0 wt% 5.9 hPS
10.0 wt% 5.9 hPS
5.1 wt%5.9 hPS
M(hPS) PSwt.% in «T
Disordered sph. micelles
Disordered sph. micelles
Disordered sph. micelles;
partial order
Hexagonal cylinders
Hexagonal cylinders
Hexagonal cylinders
SI45/12 100 wt% SI45/12 Hexagonal cylinders
5.9
5.9
5.9
5.9
5.9
5.9
78.8%
78.8%
78.8%
78.8%
78.8%
78.8%
78.8%
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Figure C T 1: Constant molecular weight morphology diagram for
homopolystyrene of 5,900 g/mol and poly(styrene-b-isoprene)
diblock copolymers of
-54,000 g/mol. Letters indicate the
morphology: D - disordered micelles, S - spheres on a cubic
lattice, C - cylinders on a hexagonal lattice, DD - the ordered
bicontinuous double diamond morphology, L - ordered
lamellae, and M - macrophase separation. Filled symbols
indicate blends with partial order.
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Constant Molecular Weight Diagram with 14 hPS and SI
Annealing Temperature:
-125 C
H Copolymprg
SI 13/51
SI 13/34
SI 27/22
SI 45/12
AVERAGE
Mn (total
64,200 g/mol
46,600 g/mol
48,700 g/mol
57,500 g/mol
54300 g/mol
MJhPS]: 14,000 g/mol
Total # ofBlends = 33
A, §113/51 fKWll and 14 hPR
18.0 wt% 14.0 hPS Ml(PS) + M2(cobble stone) 14.0
SI13/51 100 wt% SI13/51 Hexagonal cylinders
79
M(hPS) PSwt.% in ST
19.9%
19.9%
B. SI13/34 [KW21 and 14 HPS Blends
88
89
90
91
92
93
77
90.0 wt% 14.0 hPS
80.0 wt% 14.0 hPS
60.0 wt% 14.0 hPS
40.0 wt% 14.0 hPS
20.0 wt% 14.0 hPS
15.3 wt% 14.0 hPS
8.9 wt% 14.0 hPS
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Hexagonal cylinders
SI13/34 100 wt% SI13/34 Hexagonal cylinders
C. SI27/22 HCW41 and 14 hPSPWc
M(hPS) PSwt% in
14.0 27.7%
14.0 27.7%
14.0 27.7%
14.0 27.7%
14.0 27.7%
14.0 27.7%
14.0 27.7%
27.7%
14.0 54.6%
14.0 54.6%
14.0 54.6%
14.0 54.6%
14.0 54.6%
14.0 54.6%
14.0 54.6%
68
69
70
71
72
73
102
90.0 wt% 14.0 hPS
80.0 wt% 14.0 hPS
70.0 wt% 14.0 hPS
60.0 wt% 14.0 hPS
50.0 wt% 14.0 hPS
40.0 wt% 14.0 hPS
38.0 wt% 14.0 hPS
Disordered sph. micelles
Dis. sph. + cyl. micelles
Disordered cyl. micelles;
partial order
Disordered cyl. micelles;
partial order
Hexagonal cylinders
Hexagonal cylinders
Hexagonal cylinders
160
IS 34%° S! KS Si&nal—
-o°
r assssss «a
sa Ho si ^si^^109 22.2 wt% 14.0 hPS Ordered ame ae 4 %**74 20.0 wt% 14.0 hPS Ordered lamellae 40 546%153 15.1 wt% 14.0 hPS Ordered lamellae 14*0
75 10 0**% 14.0 hPS Ordered lamellae ' 54 6%152 5.1 wt% 14.0 hPS Ordered lamellae £0 54*6%
SI27/22 100 wt% SI27/22 Ordered lamellae
54.6%
54.6%
D. SI4S/1 2 TKW61 and 14 hPS RI^H" M(hPS) PSwt% in ST
134
135
136
138
139
80.0 wt% 14.0 hPS
60.0 wt% 14.0 hPS
40.0 wt% 14.0 hPS
137 20.0 wt% 14.0 hPS
10.0 wt% 14.0 hPS
5.1 wt% 14.0 hPS
Disordered sph. micelles
Disordered sph. micelles
Disordered sph. micelles;
different sizes
Disordered sph. micelles;
partial order
Hexagonal cylinders
Hexagonal cylinders
SI45/12 100 wt% SI45/12 Hexagonal cylinders
14.0 78.8%
14.0 78.8%
14.0 78.8%
14.0 78.8%
14.0 78.8%
14.0 78.8%
78.8%
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Figure C.2: Constant molecular weight morphology diagram for
homopolystyrene of 14,000 g/mol and poly(styrene-b-isoprene)
diblock copolymers of
-54,000 g/mol. Letters indicate the
morphology as described in Figure C.l.
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Constant Molecular Weight Diagram with 37 hPS and SI
Annealing Temperature:
-125 C
SI Copolymf
SI 27/22
SI 45/12
AVERAGE
Mn (total
48,700 g/mol
57,500 g/mol
53,100 g/mol
Mn[hPS]: 36,700 g/mol
Total # of Blends = 13
A, $127/22 TKW41 and 37 hPS m^A.
146
147
149
157
156
155
M(hPS) PSwt% in «t
80.0 wt% 36.7 hPS
60.0 wt% 36.7 hPS
148 40.0 wt% 36.7 hPS
20.0 wt% 36.7 hPS
15.1 wt% 36.7 hPS
10.0 wt% 36.7 hPS
5.1 wt% 36.7 hPS
Disordered lam. micelles
Dis. lam. + cyl. micelles;
partial order
Dis. lam. + cyl. micelles;
partial order
Ordered lamellae
Ordered lamellae
Ordered lamellae
Ordered lamellae
SI27/22 100 wt% SI27/22 Ordered lamellae
36.7
36.7
36.7
36.7
36.7
36.7
36.7
54.6%
54.6%
54.6%
54.6%
54.6%
54.6%
54.6%
54.6%
R_SI45/12
140
141
142
143
144
145
80.0 wt% 36.7 hPS
60.0 wt% 36.7 hPS
40.0 wt% 36.7 hPS
20.0 wt%36.7hPS
10.0 wt%36.7hPS
5.1 wt% 36.7 hPS
Blends M(hPS) PSwt% in SI
Disordered sph. micelles 36.7 78.8%
Disordered sph. micelles 36.7 78.8%
Disordered sph. micelles 36.7 78.8%
Ml(PS) +
M2(dis. cyl. micelles) 36.7 78.8%
Ml(PS) +
M2(dis. sph. micelles) 36.7 78.8%
Ml(PS) +
M2(dis. cyl. micelles) 36.7 78.8%
Hexagonal cylinders 78.8%
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Figure C.3: Constant molecular weight morphology diagram for
homopolystyrene of 36,700 g/mol and poly(styrene-b-isoprene)
diblock copolymers of
-53,000 g/mol. Letters indicate the
morphology as described in Figure C.l.
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Constant Copolymer Composition (25 - 27 PSvol%) Diagram
Annealing Temperature:
-125 C
PS density = 0.999 g/cc
PI density = 0.856 g/cc
PB density = 0.839 g/cc
iopolvmers with PR f!YK*Har
TO
277 PSwt%
>
24
-7 PSvol%
ASr 30 -l PSwt%, 26.6 PSvol%AVERAGE 28.9 PSwt%; 25.7 PSvol%
M
n
fhp|3K : o?^' 59°°' 76°°' 7800 ' 14000 > 17200 efmdn[ PS] (DJK): 2100, 3900 g/mol
# of Blends (KIW) = 28
# of Blends (DJK) = 2
Total # ofBlends = 30
DJK2: Kinning, et al., Macromolecules, 21(12), 3502-3506, 1988.
A. SI13/34 [KW2] and hPS Blends M(hPS)/
MfPSblock
52 53.9 wt% 4.0 hPS
53 12.0 wt% 4.0 hPS
82 90.0 wt% 5.9 hPS
83 79.8 wt% 5.9 hPS
M 60.0 wt% 5.9 hPS
54 54.0 wt% 5.9 hPS
85 39.9 wt% 5.9 hPS
86 20.0 wt% 5.9 hPS
87 15.1 wt% 5.9 hPS
55 12.0 wt% 5.9 hPS
76 8.8 wt% 7.6 hPS
88 90.0 wt% 14.0 hPS
89 80.0 wt% 14.0 hPS
90 60.0 wt% 14.0 hPS
91 40.0 wt% 14.0 hPS
92 20.0 wt% 14.0 hPS
93 15.3 wt% 14.0 hPS
77 8.9 wt% 14.0 hPS
Ml(PS) + M2(ord. lam.) 0.310
Bl(OBDD) + B2(hex. cyl.) 0.310
Ml(PS) + M2(dis. lam.)
Ml(PS) + M2(dis. lam.)
Ml(PS) + M2(dis. lam.)
Ml(PS) + M2(ord. lam.)
Ml(PS) + M2(ord. lam.)
Ordered lamellae
Bl(OBDD) + B2(ord. lam.)
Hexagonal cylinders
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Hexagonal cylinders
0.457
0.457
0.457
0.457
0.457
0.457
0.457
0.457
0.589
1.085
1.085
1.085
1.085
1.085
1.085
1.085
Overall
PSvol%
63.2%
32.9%
91.7%
83.4%
67.8%
63.2%
52.7%
38.4%
35.0%
32.9%
30.7%
91.7%
83.5%
67.8%
52.8%
38.4%
35.2%
30.8%
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SI 13/34 100 wt% SI13/34 Hexagonal cylinders
B. SB 10/23 and hPS Blends
M(hPS)/
MPS block
DJK2 82.2 wt% 2.1 hPS
D TTT9 ol.b wt% 3.9 hPS
38 97.9 wt%5.9 hPS
yb.O wt% 5.9 hPS
39 92.0 wt% 5.9 hPS
27 88.0 wt% 5.9 hPS
28 95.8 wt% 7.8 hPS
29 87.9 wt% 7.8 hPS
20 79.9 wt% 17.2 hPS
21 60.1 wt% 17.2 hPS
22 40.0 wt% 17.2 hPS
23 20.1 wt% 17.2 hPS
SB 10/23 100 wt% SB10/23
Disordered sph. micelles 0.206
Disordered lam. micelles 0.382
Ml(PS) +
M2(sph. vesicles)
Ml(PS) +
M2(sph. vesicles)
Ml(PS) + M2(dis. lam.)
Ml(PS) + M2(dis. lam.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Ml(PS) + M2(hex. cyl.)
Hexagonal cylinders
0.578
0.578
0.578
0.578
0.765
0.765
1.686
1.686
1.686
1.686
24.7%
Overall
PSvol%
85.5%
85.1%
98.3%
96.7%
93.4%
90.2%
96.5%
90.1%
83.7%
68.5%
53.8%
39.9%
26.6%
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Overall PS Volume Percent
Figure C.4: Constant copolymer composition morphology diagram for
various homopolystyrenes blended with cylindrical diblock
copolymers of 25 - 27 vol% polystyrene: squares SI13/34 and
triangles SB 10/23. Letters indicate the morphology as
described in Figure C.l.
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Constant Copolymer Composition (44 - 51 PSvol%) Diagram
Annealing Temperature:
-125 C
PS density = 0.999 g/cc
PI density = 0.856 g/cc
PB density = 0.839 g/cc
Lamellar Hnpnl
SI 27/22
SB 20/20
SB 40/40
AVERAGE
TS
54.6 PSwt%, 50.8 PSvol%
50.0 PSwt%, 45.6 PSvol%
48.2 PSwt%, 43.9 PSvol%
50.9 PSwt%; 46.8 PSvol%
mS? S 59°°' 78°°' 14°00 ' 17200 > 30100 > 36700 g/molMn[hPS] (DJK): 2100, 3900, 7400, 17000, 35000 g/mol
# of Blends (KIW) = 67
# of Blends (DJK) = 16
Total # ofBlends = 83
S^o Sn™ng ' et a\> J - Chem - Phys" 9°(10 ). 5806-5825, 1989.DJK^: Kinning, et al., Macromolecules, 21(12), 3502-3506, 1988.
A. SI27/22 [KW4] and hPS Blend;
124 60.0 wt% 2.6 hPS
125 50.0 wt% 2.6 hPS
126 40.0 wt% 2.6 hPS
80 30.0 wt% 2.6 hPS
127 19.8 wt% 2.6 hPS
154 10.0 wt% 2.6 hPS
60 90.0 wt% 5.9 hPS
61 79.8 wt% 5.9 hPS
62 70.0 wt% 5.9 hPS
63 60.0 wt% 5.9 hPS
64 50.0 wt% 5.9 hPS
65 40.0 wt% 5.9 hPS
50 30.0 wt% 5.9 hPS
66 20.0 wt% 5.9 hPS
67 10.3 wt% 5.9 hPS
68 90.0 wt% 14.0 hPS
69 80.0 wt% 14.0 hPS
Ordered sph. micelles
Ordered sph. micelles
Hexagonal cylinders
Hexagonal cylinders
Ordered lamellae
Ordered lamellae
M(hPS)/
M(PS block
0.098
0.098
0.098
0.098
0.098
0.098
Disordered sph. micelles 0.222
Disordered sph. micelles 0.222
Ordered sph. micelles 0.222
Ordered sph. micelles 0.222
Hexagonal cylinders 0.222
Hexagonal cylinders 0.222
OBDD 0.222
Ordered lamellae 0.222
Ordered lamellae 0.222
Overall
PSvol%
79.4%
74.5%
69.6%
64.8%
59.9%
55.4%
94.7%
89.5%
84.5%
79.4%
74.5%
69.6%
64.8%
60.0%
55.5%
94.7%
89.6%
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70 70.0 wt% 14.0 hPS
71 60 0 wf% un upct/o X^e.U fix o
72 ^•v wt/o l^t.U xl_r
o
73 40 0 wf% 14 n kDC*xu.vj wi/o ift.u luro
102 38 0 wf% un unooo.U Wt/C 1*±.U IJXo
103 36 0 wt% 14 0 V»PQ
104 34 0 wt% 14 0 V»PQ
105 32.0 wt% 14.0 hPS
51 30.0 wt% 14.0 hPS
106 28.2 wt% 14.0 hPS
107 26 1 wt% 14 0 ViPQ
108 24 0 wt% 14 0 ViPQ
109 22 2 wt% 14 0 V»pc;
74 20 0 wt% 14 0 V»PQ
153 15.1 wt% 14.0 hPS
75 10.0 wt% 14.0 hPS
152 5.1 wt% 14.0 hPS
120 80.0 wt% 30.1 hPS
121 60.0 wt% 30.1 hPS
122 50 0 wt% 30 1 ViP<3
123 40.0 wt% 30.1 hPS
81 30 0 wt% 30 1 hP<3.\j i> /c/ uU. ill O
146 80.0 wt% 36.7 hPS
147 60.0 wt% 36.7 hPS
148 40 0 wt% 36 7 hPS
149 20 0 wt% 36 7 V»P^
157 15 1 wt% *3fi 7 ViP^J-<J. J. Wl/C OU. 1 111 o
156 10.0 wt% 36.7 hPS
155 5.1 wt% 36.7 hPS
Disordered cyl. micelles;
partial order
Disordered cyl. micelles;
partial order
Hexagonal cylinders
Hexagonal cylinders
Hexagonal cylinders
Hexagonal cylinders
OBDD
OBDD
OBDD
Bl(Ordered lamellae) +
B2(Hexagonal cylinders)
Bl(Ordered lamellae) +
B2(Hexagonal cylinders)
Ordered lamellae
Ordered lamellae
Ordered lamellae
Ordered lamellae
Ordered lamellae
Ordered lamellae
Disordered cylindrical
+ lamellar micelles
Disorder lam. + cyl.
micelles; partial order
Disorder lam. + cyl.
micelles; partial order
Ordered lamellae
Ordered lamellae
Disordered lam. micelles
Disorder lam. + cyl.
micelles; partial order
Disorder lam. + cyl.
micelles; partial order
Ordered lamellae
Ordered lamellae
Ordered lamellae
Ordered lamellae
SI27/22 100 wt% SI27/22 Ordered lamellae
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
84.5%
79.4%
74.5%
69.6%
68.6%
67.7%
66.7%
65.7%
64.8%
63.9%
62.9%
61.9%
61.1%
60.0%
57.7%
55.4%
53.1%
1.132 89.6%
1.132 79.4%
1.132 74.5%
1.132 69.6%
1.132 64.8%
1.380 89.6%
1.380 79.4%
1.380 69.6%
1.380 60.0%
1.380 57.7%
1.380 55.4%
1.380 53.1%
50.8%
B. SB20/20 and hPS Blends M(hPS)/ Overall
M(PS block) PSvol%
DJK1 87.5 wt% 2.1 hPS Disordered sph. micelles 0.102
DJK1 82.2 wt% 2.1 hPS Ordered sph. micelles 0.102
92.6%
89.6%
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DJK1 98.7 wt% 3.9 hPS
DJK1 94.5 wt% 3.9 hPS
DJK1 88.3 wt% 3.9 hPS
DJK1 82.1 wt% 3.9 hPS
DJK1 75.1 wt% 3.9 hPS
DJK1 69.7 wt% 3.9 hPS
DJK1 50.6 wt% 3.9 hPS
7 oo.U wt% 5.9 hPS
o/.v wt% 7.4 hPS
72 wt% 7.4 hPS
8 87.9 wt% 7.8 hPS
97.9 wt% 17.2 hPS
24 95.9 wt% 17.2 hPS
1 91.9 wt% 17.2 hPS
2 87.8 wt% 17.2 hPS
3 83.8 wt% 17.2 hPS
4 79.5 wt% 17.2 hPS
17 oy.y wt% 17.2 hPS
18 40.0 wt% 17.2 hPS
1Q On f\ ttri-Of inn i_t»ozu.U wt% 17.2 hPS
5 88.1 wt% 30.1 hPS
6 87.8 wt% 36.7 hPS
SB20/20 100 wt% SB 20/20
C. SB40/40 and hPS Blends
DJK1 90.1 wt% 7.4 hPS
14 87.9 wt% 7.8 hPS
DJK2 95.0 wt% 17.0 hPS
DJK2 90.2 wt% 17.0 hPS
15 87.9 wt% 17.2 hPS
DJK2 81.8 wt% 17.0 hPS
25 96.0 wt% 30.1 hPS
Disordered sph. micelles 0 190
Disordered sph. micelles 0 190
Disordered sph.l micelles 0 190
Disordered sph. micelles;
partial order q.190
Ordered sph. micelles 0^190
Ordered sph. micelles 0.190
Hexagonal cylinders 0^190
Disordered sph. micelles 0.288
Disordered sph. micelles 0.361
Ordered sph. micelles 0.361
Disordered sph. micelles 0.380 92.9%
Dis. sph. + cyl. micelles 0.839
Dis. sph. + cyl. micelles 0.839
Dis. cyl. + sph. micelles 0.839
Dis. cyl. + sph. micelles 0.839
Disordered cyl. micelles 0.839
Disordered cyl. micelles 0.839
Disordered cyl. micelles;
partial order o 839
OBDD 0:S39
Ordered lamellar 0.839
M2(disordered lamellae) 1.790
99.2%
96.7%
93.1%
89.5%
85.5%
82.5%
71.9%
92.9%
92.8%
83.8%
98.8%
97.6%
95.2%
92.8%
90.5%
88.0%
77.0%
66.2%
55.7%
93.0%
92.8%
45.6%
M(hPS)/ Overall
M(PS block) PRvn1%
94.0%
92.6%
0.402
0.402
0.407
0.402
96.
94.
92.
89.
97.5%
170
» SSZSSigi Ettas# micr 0712 950%H 83.9 wt% 30.1 hPS Disordered rvl m!ce]Jes 0.712 92.7%
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Figure C.5
: Constant copolymer composition morphology diagram for
various homopolystyrenes blended with lamellar diblock
copolymers of44 - 51 vol% polystyrene: squares SI27/22,
triangles SB20/20, and circles SB40/40. Solid lines indicate the
transitions between ordered morphologies and dashed lines
indicate the continuous transitions to disordered micelles.
Letters indicate the morphology as described in Figure C.I.
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Constant Copolymer Composition (68 - 77 PSvol%) Diagram
Annealing Temperature:
-125 C
PS density = 0.999 g/cc
PI density = 0.856 g/cc
PB density = 0.839 g/cc
>olvmers wi th PT f!Y1in^oY.0
78.8 PSwt%, 76.1 PSvol%
^Zn 80.3 PSwt%, 77.4 PSvol%
71.2 PSwt%, 67.5 PSvol%AVERAGE 7&8 PSwt%; 73.7 PSvol%
Mn[hPS] (KIW): 5900, 14000, 36700 g/molMn[hPS] (DJK): 7400, 17000, 34100 g/mol
# of Blends (KIW) = 18
# of Blends (DJK) = 5
Total # ofBlends = 23
DJK1: Kinning, et al., J. Chem. Phys., 90(10), 5806-5825, 1989
A. SI45/12 [KW6] and hPS Blends M(hPS)/
M(PS block
128 80.0 wt% 5.9 hPS
129 60.0 wt% 5.9 hPS
130 40.0 wt% 5.9 hPS
131 20.0 wt% 5.9 hPS
132 10.0 wt% 5.9 hPS
133 5.1 wt%5.9 hPS
134 80.0 wt% 14.0 hPS
135 60.0 wt% 14.0 hPS
136 40.0 wt% 14.0 hPS
137 20.0 wt% 14.0 hPS
138 10.0 wt% 14.0 hPS
139 5.1 wt% 14.0 hPS
140 80.0 wt% 36.7 hPS
141 60.0 wt% 36.7 hPS
142 40.0 wt% 36.7 hPS
Disordered sph. micelles 0.130
Disordered sph. micelles 0.130
Disordered sph. micelles;
partial order 0.130
Hexagonal cylinders 0.130
Hexagonal cylinders 0.130
Hexagonal cylinders 0.130
Disordered sph. micelles 0.309
Disordered sph. micelles 0.309
Disordered sph. micelles;
different sizes 0.309
Disordered sph. micelles;
partial order 0.309
Hexagonal cylinders 0.309
Hexagonal cylinders 0.309
Overall
PSvol%
95.1%
90.2%
85.5%
80.8%
78.4%
77.3%
95.1%
90.2%
85.5%
80.8%
78.4%
77.3%
95.1%
90.2%
85.5%
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143 20.0 wt% 36.7 hPS Ml(PS) +
144 10.0 wt% 36.7 hPS
^Msord. cyl. micelles) 0.810 80.8%
145 5.1 wt% 36.7 hPS
^(d|ord. sph. micelles) 0.810 78.4%
M2(disord. cyl. micelles) 0.810 77.3%
SI45/12 100 wt% SI45/12 Hexagonal cylinders - 76.1%
B. SB 40/10 and hPS Blends M(hpS)/ 0vera]1
DJK1
-90 wt% 7.4 hPS
1WPS M^t^
Disordered sph. micelles 0.718
PSvol%
97.7%
DJK1
DJK1
-90 wt% 17.0 hPS
82.4 wt% 17.0 hPS
Disordered sph. micelles 1.650
Disordered sph. micelles 1.650
97.7%
95.9%
DJK1
~90wt%34.1hPS Disordered sph. micelles 3.311 97.7%
SB40/10 100 wt% SB40/10 Hexagonal cylinders 77.4%
C. SB 23/10 and hPS Blends M(hPS)/
M(PS hlock)
Overall
PSvol%
DJK1 89.9 wt% 17.0 hPS Disordered sph. micelles 0.101 96.6%
SB23/10 100 wt% SB23/10 Hexagonal cylinders 67.5%
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Overall PS Volume Percent in Blend
Figure C.6: Constant copolymer composition morphology diagram for
various homopolystyrenes blended with cylindrical diblock
copolymers of 68 - 77 vol% polystyrene: squares SI45/12,
triangles SB40/10, and circles SB23/10. Letters indicate the
morphology as described in Figure C.l.
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